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1. Formation and Ligand Substitution Reactions of 
(Tetramethylcyclobutadiene)cobalt tris(ligand) ions [Cb*CoL3]+ 
 
 
1.1 Introduction 
 
1.1.1 Cyclobutadiene 
 
There are few molecules with a history comparable to that of cyclobutadiene – the simplest 
cyclic polyene. It has intrigued chemists and was the object of significant research effort since the 
initial attempt at its synthesis by Kekule’ 130 years ago.[1] However numerous synthetic efforts until 
1965 to isolate the parent cyclobutadiene molecule or some of its simpler substituted derivatives were 
not successful[2] despite of considerable evidence for their intermediacy in certain reactions that had 
been accumulated.[3] 
In the meantime the theoretical aspects of the “cyclobutadiene problem” were examined rather 
extensively. In the early 30’s, Hückel’s rule[4a] of (4n + 2) p electrons as a criterion for aromaticity 
provided a basis for the contrasting properties of benzene and cyclobutadiene. According to this rule, 
benzene is the simplest representative in the series of 4n + 2 aromatic systems, whereas 
cyclobutadiene is the prototype of the 4n class of molecules which exhibit no particular stabilization 
in spite of the conjugated arrangement of its double bonds. Simple Hückel molecular orbital theory 
together with application of Hund’s rule, and assuming that the system possesses a square planar 
arrangement  of  atoms with  D4h symmetry,  predicts  a  triplet  electronic  ground  state[5]  (Figure 1). 
 
 
Figure 1. The p orbitals of square triplet and rectangular singlet free cyclobutadiene. 
D4h D2h
2 
However, more elaborate calculations lead to the very different conclusion that the molecule should 
adopt a rectangular arrangement of carbon atoms with D2h symmetry which is associated with 
alternating double and single bonds leading to a singlet electronic ground state[6] (Figure 1). 
The organometallic chemistry of cyclobutadiene started in 1956 when H. C. Longuet-Higgins 
and L. E. Orgel in theoretical work addressed the problem of the possible existence of transition 
metal complexes with a cyclobutadiene ligand.[7] It was predicted that cyclobutadiene might form 
bonds of three types (p, s, d) with metals leading to very stable complexes. Two years later Hübel et 
al. reported reactions of iron carbonyls with tolane and on the isolation of a very stable compound 
with the composition Fe(CO)3(C6H5C2C6H5)2.[8] It was obtained in a trace amount in the reaction of 
tolane with Fe3(CO)12, but the reaction with Fe(CO)5 gave this product in good yield. An X-ray 
crystallographic structure determination of this compound displayed the first (cyclobutadiene)metal 
complex.[9] The same year Criegee et al. reported dehalogenation of 3,4-dichloro-1,2,3,4-
tetramethylcyclobutene with Ni(CO)4 which after workup gave black-violet compound in 70% yield 
whose elemental analysis suggested the formula C8H12NiCl2.[10] Experimental evidence and NMR 
spectra led to a conclusion that the organic ligand in this compound was tetramethylcyclobutadiene 
(Cb*). Later this conclusion was confirmed by an X-ray structure determination[11] of the benzene 
adduct [C8H12NiCl2]×C6H6. These events represent one of the rare cases where theory preceded 
synthesis. 
A breakthrough in resolving the “cyclobutadiene problem” was achieved in 1965 when Pettit 
and his co-workers reported the first successful generation and trapping of the parent 
cyclobutadiene[12] from its iron tricarbonyl complex.[13] The success of Pettit’s group has led to 
renewed interest in synthetic cyclobutadiene chemistry and a number of synthetic methods for the 
generation of the parent as well as of substituted cyclobutadienes as reactive intermediates were 
developed.[14] These synthetic aspects are discussed in detail in several reviews.[15] Noteworthy in 
particular is the generation of the parent molecule by the irradiation of photo-a-pyrone in noble gas 
matrices at temperatures of 8–20 K and the recording of its IR spectrum[14a] which led to a consistent 
conclusion about the ground state of cyclobutadiene as a D2h rectangular singlet.[14b] Since then 
chemical[14c,16] as well as direct structural evidence for a D2h geometry[17] has been presented. The 
structure of the parent cyclobutadiene due to its high reactivity could not be determined; however, 
several structures have been reported for cyclobutadienes with bulky substituents. For example, the 
X-ray structure determination of the stable derivative 1-carbomethoxy-2,3,4-tri-tert-butylcyclobuta-
diene[17b] showed pronounced bond alternation. 
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1.1.2 Syntheses of (Cyclobutadiene)cobalt Complexes 
 
Complex fragments of the (cyclobutadiene)cobalt type are well known in complexes with Cp 
counterligands, e.g. as Cb*CoCp,[18] or (C4Ph4)CoCp,[19] whereas comparatively little is known about 
(cyclobutadiene)cobalt complexes with counterligands other than Cp. There are several general 
reviews on (cyclobutadiene)metal complexes,[20] and also specialized reviews which center on the 
chemistry of (cyclobutadiene)cobalt complexes.[21a,22] 
Dimerization of alkynes in the coordination sphere of a transition metal fragment was widely 
used as a source of complexed cyclobutadienes ever since the discovery of the first cyclobutadiene 
complex. Complexes of the type CbCoCp are known in a wide variety owing to straightforward 
dimerization of alkynes at the “CpCo” moiety. Reactions of (COD)CoCp,[19a,f] (1,2,5,6-h4-
COT)CoCp,[19a] CoCp2[19b,f] and CpCo(CO)2[19c,d,e,g] with tolane afforded the (tetraphenylcyclobuta-
diene)cobalt complex (C4Ph4)CoCp in good yields (Scheme 1). The general applicability of this 
method was studied by the groups of Hayashi[19e] and Merijan.[19f] They showed that reactions of 
cobaltocene or (COD)CoCp with phenyl acetylenes PhC=CR (R = H, SiMe3, SiMe2SiMe3, SnPh3, 
Me, CHO, COMe and CF3)  yielded  corresponding  cyclobutadiene  complexes.  However,  reactions 
 
 
Scheme 1. 
Co
PhPh
Ph Ph
Co Co
Co
Co
OC CO
Ph2C2 Ph2C2
Ph2C2 Ph2C2
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with 3-phenylpropynoic acid amide and with diiodoacetylene failed to give cyclobutadiene 
complexes.[19f] Similarly, the application of this method failed with dimethylacetylene.[19d,e] It became 
obvious that dimerization is limited to alkynes containing bulky substituents, trimerization being a 
concurrent process in the absence of steric bulk.[23] A large variety of trimethylsilyl and ethynyl 
substituted cyclobutadiene complexes were prepared by treating appropriate alkynes with 
CpCo(CO)2.[24] Many experiments were performed by Vollhardt et al.[24,25] in order to clarify such 
fundamental questions as: i) by what mechanisms (cyclobutadiene)metal complexes are formed? ii) to 
what extent such transformations are reversible? Two pathways are frequently invoked to describe the 
formation of cyclobutadiene complexes (Scheme 2). The first one is a formal concerted (2+2)p 
cycloaddition taking place within the coordination sphere of the metal. In a theoretical treatment of  
 
Scheme 2. 
 
the bis(alkyne) " cyclobutadiene transformation F. D. Mango and J. H. Schachtschneider showed 
that the orbital pattern precludes concerted interconversion of bis(alkyne) and cyclobutadiene ligands 
as a ground state process.[26] A stepwise process or the catalytic action of two metal centers were 
proposed to explain the formation of cyclobutadiene complexes in dimerization reactions of alkynes. 
Interestingly, a binuclear complex with a bridging BTMSA ligand was isolated in excellent yield 
(93%) in the reaction of CpCo(CO)2 with an equivalent amount of BTMSA.[19e,g;24c] This complex 
was proposed to be an intermediate since it reacted with additional BTMSA or with other alkynes to 
give cyclobutadiene complexes[19g] (Scheme 3). Complexes of this type with a bridging acetylene 
ligand and a Co=Co double bond were also observed in reactions of BTMSA with the bis(ethylene) 
complexes CpCo(C2H4)2[27] and Cp*Co(C2H4)2,[28] or when (Cp*CoCl)2 was treated with sodium 
amalgam in presence of BTMSA or tolane.[28] 
The second, more widely accepted mechanism, is a process comprising oxidative coupling of two 
M + 2
M
M
M
 5 
 
Scheme 3. 
 
complexed alkynes followed by valence tautomerization of the resulting metallacyclopentadiene to 
the observed (cyclobutadiene)metal complex (Scheme 2). Numerous examples for the conversion of 
cobaltacyclopentadienes to give (cyclobutadiene)cobalt complexes are known.[29] 
Alkyne dimerization is nowadays the most widely used method to prepare advanced CbCo 
containing materials. Contemporary CbCoCp derivatives include CpCo(cyclobutadieno)-fused 
dehydroannulenes and dehydrobenzoannulenes,[30] dendrimers and supramolecules,[31] 
cyclophanes,[21] oligonucleotide-modified complexes,[32] organometallic oligomers and polymers with 
CbCo moieties.[33] These fascinating compounds have attracted great attention during the last years 
and work in this field was reviewed several times.[34] 
Two rather different synthetic methods lead to (cyclobutadiene)cobalt complexes of 
unsubstituted cyclobutadiene. Dehalogenation of 3,4-dichlorocyclobutene by Na2[Co(CO)4] was used 
by Pettit et al. to prepare CbCo(CO)2Co(CO)4 which was transformed to the dicarbonyliodide 
complex CbCo(CO)2I  by treatment  with  iodine[35]  (Scheme 4).  Limited  accessibility  and  difficult 
 
 
Scheme 4. 
 
synthesis of 3,4-dichlorocyclobutenes render this procedure unattractive. Rosenblum reported an 
alternative pathway to the cobalt complex with the parent cyclobutadiene, CbCoCp, in the same issue 
of Journal of the American Chemical Society.[36] Irradiation of a-pyrone in the presence of 
CpCo(CO)2 produced the sandwich compound albeit in low yield (17%) (Scheme 5). Formation of an  
h4-a-pyrone complex as the main product explains the low yield of the cyclobutadiene complex since 
it removes a-pyrone from reaction. 
Cl
Cl
NaCo(CO)4 Co
C
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Co(CO)4
O
O
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C
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I
O
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I2
SiMe3Me3Si CoCo
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Scheme 5. 
 
Interaction of cyclopropenyl halides or cycloprop-2-enecarbonyl halides with NaCo(CO)3L (L 
= CO, PPh3, PPh2Me, PPhMe2, PEt3) afforded h3-cyclobutenonyl complexes via ring expansion of 
initially formed alkyl or acyl intermediates[37] (Scheme 6). These complexes reacted with 
electrophiles to yield cationic cyclobutadiene complexes.[38] A plethora of complexes were prepared 
in this way for various combinations of R1, R2, R3 = H, Me, Et, Bu, tBu, Ph, p-MeOC6H4, L = CO, 
PPh3, PPh2Me, PPhMe2, PEt3 and E+ = Me3O+, Et3O+, PhCO+. 
 
Scheme 6. 
 
Flash vacuum pyrolysis of (h5-cyclopentadienyl)cobalt h4-thiophene-1,1-dioxides effected 
extrusion of sulfur dioxide to form (h5-cyclopentadienyl)(h4-cyclobutadiene)cobalt complexes in 
good yields[39] (Scheme 7). A related reaction between (h5-cyclopentadienyl)[(2-5h)-1,1-dimethyl-
2,3,4,5-tetraphenyl-1H-silole]cobalt  and  mercuric acetate gave  the corresponding  tetraphenylcyclo- 
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Scheme 7. 
 
butadiene complex.[40] 
In the early 60’s, Maitlis and co-workers discovered the p-cyclobutadiene ligand transfer 
reaction which led to the preparation of a considerable number of novel tetrasubstituted 
(cyclobutadiene)metal complexes.[41] Ligand transfer reactions from [(C4Ar4)PdX2]2 to Co2(CO)8 or 
CoCp2 afforded tetraaryl-substituted complexes (C4Ar4)Co(CO)2X (Ar = Ph, p-tolyl, X = Cl, Br, 
I)[42a] (Scheme 8). When [(C4Ar4)PdCp]+ was used as the source of cyclobutadiene simultaneous 
transfer of  both cyclic ligands was observed.[42b]  A more convenient source to substituted cyclobuta- 
 
Scheme 8. 
 
diene ligands, in particular tetramethylcyclobutadiene, was found in the zwitter-ionic cyclobutenyl 
species Me4C4AlCl3.[43] Thus, the first tetramethylcyclobutadiene complexes of cobalt were prepared 
by a ligand transfer[42c] from the nickel complex [Cb*NiX2]2 (X = Cl, I), which was obtained from the 
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reaction of Me4C4AlCl3[43] with nickel carbonyl[44] (Scheme 9). Pauson et al.[45] then showed that 
Me4C4AlCl3 readily reacts with Co2(CO)8 to form the complex cation [Cb*Co(CO)3]+ (1+), which was 
isolated as a hexafluorophosphate salt in 59–68% yield. 
 
Scheme 9. 
 
1.1.3 Electrophilic Complex Fragments [LxM(solv)y]n+ 
 
12-electron electrophilic complex fragments or metallo-electrophiles of the general type 
[LxM(solv)y]n+ have found widespread application as synthons in organometallic chemistry. The d6-
species [(COD)Rh(THF)x]+,[46] [Cp*M(OCMe2)3]2+ (M = Rh, Ir),[47] [CpFe(NCMe)3]+,[48,49] 
[Cp*Fe(NCMe)3]+,[50] [CpRu(NCMe)3]+[49,51] and [Cp*Ru(NCMe)3]+,[52] and [CpOs(NCMe)3]+[53] are 
pertinent examples, and the more recently discovered [Cb*Co(solv)x]+ (solv = inter alia MeCN)[54] is 
related to these by virtue of the isolobal analogy. 
Metallo-electrophiles [LxM(solv)y]n+ are usually generated from corresponding chlorides by 
dehalogenation with Ag+ or Tl+ with weakly coordinating anions such as BF4–, PF6–, or CF3SO3–. 
Polar but weakly coordinating solvents such as nitromethane, dichloromethane, THF or acetone are 
usually used in the generation of such metallo-electrophiles providing maximum reactivity due to 
minimal coordinative stabilization. The number of coordinated solvent molecules is often unknown, 
especially in the cases of the most weakly bonded solvent molecules but according to the rules of 
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coordination chemistry (octahedral or pseudooctahedral coordination for a d6 metal center) can 
confidently assumed as being three. On the other hand, nitrile ligands form sufficiently stable 
complexes to allow the isolation of less reactive, but well defined compounds. Nevertheless, the 
nitrile ligands in many such complexes are readily replaced by other ligands.[55] A well known 
example is the preparation of the ruthenium tris(acetonitrile) complex cation [Cp*Ru(MeCN)3]+ from 
[Cp*Ru(m3-Cl)]4[52a] or, in a somewhat more convenient synthesis, reported by B. Steinmetz and W. 
A. Schenk,[52b] using the more readily available [Cp*RuCl2]n together with zinc in acetonitrile 
solution, thus combining reduction and chloride abstraction to generate [Cp*Ru(MeCN)3]+ in 
excellent yield.  
Arene release reactions have provided a synthetic alternative to dehalogenation. The first 
photolyses of [CpFe(arene)]+ complex cations were reported by A. N. Nesmeyanov.[56] Irradiation of 
[CpFe(arene)]+ in acetonitrile or THF gave solvated Fe2+, ferrocene, and free arene. Later T. P. Gill 
and K. R. Mann characterized the putative intermediate [CpFe(MeCN)3]+ by low temperature NMR 
and by reactions with ligands to yield [CpFeLn(MeCN)3-n]+ complex cations.[48a,b] Photolyses of 
[CpRu(C6H6)]+[51] and [Cp*Ru(C6H6)]+[52c,d] effected rapid and quantitative conversion to the 
tris(acetonitrile) cations. A wide variety of tris(ligand) and arene complexes of CpRu fragment as 
well as of Cp*Ru have been prepared by reacting the corresponding tris(acetonitrile) complexes with 
the desired ligands.[51,52c,d] The complex cation [CpRu(MeCN)3]+ has found many applications as a 
protective and/or activating agent in the chemistry of biologically important molecules, in peptide 
labeling and peptide synthesis. Acting as a source of the 14-electron fragment [CpRu(PR3)]+ 
monophosphine species [CpRu(MeCN)2(PR3)]+ are catalytically highly active in the redox 
isomerization of allylic alcohols to give aldehydes and ketones.[57] The arene release reactions of 
[CpM(arene)]+ cations showed significant substituent and medium effects[58,49] which are consistent 
with an arene release mechanism that has considerable associative character. The results of K. R. 
Mann indicated that the quantum yield for arene replacement exhibited not only a significant solvent 
dependence but also a dependence on the counterions.[58a,49] Photolyses of [CpOs(benzene)]+ in 
acetonitrile in the presence of different anions gave a dramatic confirmation of the importance of ion-
pairing as a contributing factor in arene release reactions in [CpM(arene)]+ photochemistry.[53b,49] 
According to the electronic structure of [CpM(arene)]+ complex cations the excited state implicated 
in the photochemical M-arene displacement is the metal localized a3E1 (LF) excited state 
corresponding to a1(dz2)2 " a1(dz2)1e1(dxz,dyz)1 excitation.[49,58b,c] Population of e1(dxz,dyz) weakens M-
arene bond while depopulation of a1(dz2) generates a “hole” in the equatorial belt between the Cp and 
arene ligand that allows nucleophilic attack of the excited state. The arene replacement reactions are 
10 
therefore in essence the nucleophilic attack of solvent molecules or an ion-paired anion on the excited 
state of the arene complex. 
Interestingly, D. Catheline and D. Astruc reported that UV photolysis of [Cp*Fe(arene)]+ 
failed to give arene displacement under any conditions.[50a,b] The validity of this result was challenged 
by K. R. Mann et al. who showed that photolysis of [Cp*Fe(arene)]+ in acetonitrile does effect arene 
release although with dramatically lower quantum yield than those exhibited by analogous CpFe, 
CpRu or Cp*Fe arene complexes.[52d] However, the tris(acetonitrile) complex cation 
[Cp*Fe(MeCN)3]+ was synthesized via photolytic replacement of CO by acetonitrile in the 
corresponding tricarbonyl and dicarbonyl(acetonitrile) complexes.[50a] This complex cation has also 
found synthetic application in the preparation of Cp*Fe complexes.[50c] 
Arene ligands in h6-arene complexes can be replaced also chemically and thermally. N. Kuhn 
et al. have reported the synthesis of [CpFe(SMe2)3]+ starting from the benzene complex cation 
[CpFeC6H6]+.[59] Hydride addition, followed by protonation with HBF4 and substitution of the 
cyclohexadiene so generated together with coordinated BF4– anion by dimethylsulfide afforded the 
tris(dimethylsulfide) complex cation in good yield. A number dications [CpCoL3]2+ (L = SMe2, S(n-
C4H9)2, PMe3, C5H5N, MeCN) were formed by oxidation of CpCo(CO)2 by ferrocenium in the 
presence of the corresponding ligands.[60] Complexes with sulfane ligands were found particularly 
useful and a large variety of compounds was synthesized by substitution with neutral mono-, bi- and 
tridentate ligands. 
M. L. H. Green showed that refluxing of [(h7-C7H7)Mo(h6-C6H5R)]+ (R = H or Me) in 
acetonitrile cleanly produced the cation [(h7-C7H7)Mo(MeCN)3]+ in high yield.[61a] Similarly the 
cations of the type [(h5-EtMe4C5)Co(L)3]2+ were formed in refluxing acetonitrile or acrylonitrile 
starting from corresponding benzene complex cations.[61b] Interestingly, arene complexes of the iron 
triad are thermally unreactive except compounds with polycyclic aromatic ligands[62] such as 
naphthalene and anthracene. This is in line with the general observation that complexes of polycyclic 
aromatic ligands are more labile compared to their substituted benzene counterparts.[63,47a] 
 
1.1.4 The Aim of the Present Work 
 
Drawing an analogy to the above mentioned tris(acetonitrile) metal electrophiles it becomes 
clear that easy accessibility of [Cb*Co(NCMe)3]+ (2+) will facilitate the development of the chemistry 
of the Cb*Co fragment giving rise to various complexes of this fragment. Also steric and electron-
donating effects of the methyl groups present in the tetramethylcyclobutadiene ligand (Cb*) are 
supposed to provide stabilization of complexes and reactive intermediates in similar way as known 
 11 
for pentamethylcyclopentadienyl (Cp*)[64] which is widely used in organometallic chemistry. 
Therefore one may predict that Cb* may also gain wide use. 
A promising strategy for this synthetic aim seemed to consist in the use of the cations 
[Cb*Co(CO)3]+ (1+) and [Cb*Co(C6H6)]+ (3+) as the starting complex cations. In pioneering work 
Pauson et al.[45] described a versatile and straightforward procedure leading to the tricarbonyl cation 
1+ (Scheme 9), a key species in Cb*Co chemistry. On this basis they developed syntheses of 
Cb*CoI(CO)2 (4), and [Cb*Co(C6H6)]PF6 (3)PF6. The goal of the present work is the further 
development of the chemistry of the (tetramethylcyclobutadiene)cobalt complex fragment and 
especially of the metallo-electrophile [Cb*Co(NCMe)3]+ (2+). The efforts were directed mainly at the 
following aims: i) development of a reliable and effective synthesis of 2+, ii) unambiguous chemical 
characterization of 2+, iii) structural characterization of 2+ and 1+ if possible, iv) study of the 
substitution chemistry of 2+, and v) study of the redox behavior of a series of [Cb*Co(L)3]+ species.  
 
1.2 Starting Materials 
 
In the original work of Pauson et al.[45] the salt [Cb*Co(CO)3]PF6 [(1)PF6] was isolated from 
the reaction of Me4C4AlCl3[43] with Co2(CO)8. In our work we used the tetrafluoroborate (1)BF4 
which was synthesized by adaptation of the published synthesis of (1)PF6. The choice has been made 
in advantage of (1)BF4 owing to higher solubility in acetonitrile. In a second step Pauson treated 
(1)PF6 with Me3NO and [Bu4N]I in CH2Cl2 to afford the iodide 4. In the present work it was found 
that these two steps can be combined into a single procedure. After hydrolysis of the primary reaction 
mixture Me3NO and NaI are added to the aqueous solution containing 1+, producing the uncharged 
iodide 4 as a brown precipitate (Scheme 10). This procedure requires less work and gives improved 
yields (76%; as compared to 42–58% according to ref.[45]). Pauson then heated the iodide 4 with 
AlCl3  in benzene,  and  the resulting  cation  3+  after  hydrolysis  was precipitated  as the hexafluoro-  
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phosphate (3)PF6 (Scheme 10).[45] In the present work it was found that in the reaction of 4 with 
AlCl3 and benzene some tricarbonyl cation 1+ also was formed as was readily seen from the product 
IR spectrum or from 1H NMR spectra in nitromethane or dichloromethane. The procedure was 
improved by use of octane as diluent for benzene (60% by volume). This modification allows to run 
the reaction at ca. 130 °C. Under these conditions the CO formed is removed more efficiently from 
the reaction mixture, and the formation of 1+ is largely suppressed. The byproduct may be further 
removed during workup of the reaction mixture, for instance by adding a small amount of Me3NO 
and NaI to the aqueous solution. It was also found that the use of a tenfold excess of AlCl3 
substantially increases the yield of 3+. Yields vary between 50–80% (ref.:[45] 25%), presumably 
because traces of water in benzene seem to be favorable while larger amounts of water have the 
adverse effect. 
 
 
1.3 Ligand Substitution Reactions of [Cb*Co(CO)3]BF4 [(1)BF4] and of Cb*CoI(CO)2 (4) 
 
 
1.3.1 Photolysis of (1)BF4 in Acetonitrile 
 
Ligand substitution reactions of [Cb*Co(CO)3]BF4, (1)BF4, were amongst the first reactions 
studied in the present work. The photolytic replacement of the CO ligands in 1+ by acetonitrile was of 
special interest since it was supposed to be the most straightforward approach to the tris(acetonitrile) 
complex cation [Cb*Co(NCMe)3]+ (2+). This experiment was prompted by results of Catheline and 
Astruc[50a] who showed that UV photolysis of [Cp*Fe(CO)2(MeCN)3]+ affords the corresponding 
tris(acetonitrile) cation in good yield. The first substitution step has already been described by Pauson 
et al.[45] to give [Cb*Co(CO)2(NCMe)]+ (5+), which was isolated as a hexafluorophosphate salt. 
Photolysis of 1+ [as (1)BF4] an acetonitrile without degassing the solution produced a mixture 
of the red complex cations 5+ and [Cb*Co(MeCN)2(CO)]+ (6+) identified by 1H NMR. A very slow 
conversion of 5+ to 6+ was noticed (Scheme 11). Usually, in a dissociative substitution ligands that 
bind less well dissociate faster than does CO. Therefore if substitution of CO is going via dissociative 
mechanism in the present case acetonitrile ligand of 5+ will dissociate faster. Moreover, since 
acetonitrile is more electron-donating than carbon monoxide, the remaining CO will benefit from 
increased back donation and will be more tightly held in consequence. One factor that favors 
substitution of CO by acetonitrile is a large excess of MeCN because it encourages the forward 
process. The second factor is the concentration of CO. It is clear that removal of CO from the reaction 
mixture  may  speed  up  the  formation  of  the  monocarbonyl  cation  6+.  Previously  Catheline  and  
 13 
 
Scheme 11. 
 
Astruc[50a,b] showed that photolysis of [Cp*Fe(CO)3]+ or [CpFe(CO)3]+ in acetonitrile without 
degassing yielded monocarbonyl cations. 
If the reaction mixture containing (5)BF4 and (6)BF4 is purged by a slow stream of nitrogen, 
the rate of product formation is greatly increased. After a few hours (4–6) complex (5)BF4 is 
consumed completely, but the monocarbonyl (6)BF4 is now contaminated by an admixture of the 
tris(acetonitrile) complex [Cb*Co(NCMe)3]BF4, (2)BF4, (typically 10%) indicating that under these 
conditions all three carbonyl groups can be replaced (Scheme 12). 
 
 
Scheme 12. 
 
As a consequence of these UV irradiation experiments it is clear that the preparation of mono- 
and disubstituted complexes (5)BF4 and (6)BF4 in a pure form is a difficult task. Nevertheless, it was 
possible to isolate the bis(acetonitrile) complex in a preparative procedure due to the use of CH2Cl2 
which possibly decomposed (2)BF4 present in the mixture. Compared to the monocarbonyl complex 
the tris(acetonitrile) complex is expected to undergo oxidative decomposition more easily, although 
the monocarbonyl (6)BF4 itself is highly reactive and rather sensitive to traces of air and humidity.  
 Photolysis of the tricarbonyl complex (1)BF4 with inert gas purging for 50 h produced a 
mixture of the complexes (6)BF4 and (2)BF4 in a nearly one to one ratio. The quality of the spectrum 
Co
C
C
C
O
OO
1+
Co
N
C
C
O
OCMe
5+
Co
N N
C
C
Me
OCMe
6+
hn, MeCN hn, MeCN
Co
N N
N
C
Me
CMeCMe
2+
Co
N N
C
C
Me
OCMe
6+
hn, MeCN, degassing
14 
substantially deteriorated obviously due to decomposition products. One possible explanation is that 
prolonged purging by a stream of nitrogen accumulates impurities which are detrimental for complex 
cation 2+ as well as for the monocarbonyl cation 6+. Therefore this procedure cannot be used for the 
preparation of pure (2)BF4. 
 
1.3.2 Thermal and Photolytic Reactions of (1)BF4 with PMe3 and P(OMe)3 
 
The cation 1+ is prone to thermal ligand substitution reactions. In favorable cases product 
formation is highly chemoselective. Thus thermal substitution of 1+ with trimethylphosphane in 
CH2Cl2 at ambient temperature produces the monophosphane cation [Cb*Co(CO)2(PMe3)]+ (7+) 
which was isolated as tetrafluoroborate (7)BF4, in good yield (Scheme 13).  
The high chemoselectivity can be explained by the fact that trimethylphosphane is much more 
electron-donating than CO. Introduction of one PMe3 group strengthens the Co–CO bonds of the 
remaining two carbonyls via increased back donation, and subsequent dissociation of CO will require 
more energy. In contrast to this simple case, the analogous reaction with the weaker donor ligand 
P(OMe)3 showed little chemoselectivity. When (1)BF4 was treated with P(OMe)3 in [D6]acetone 
(NMR tube reaction in the dark), warming to 40–50 °C was required to effect the reaction, and the 1H  
 
Scheme 13. 
 
NMR spectra showed signals of the mono- (d = 1.92 {d, JPC = 6.35 Hz}, 3.65 {d, JPC = 10.75 Hz}) 
and of the disubstitution product (d = 1.73 {t, JPC = 6.10 Hz}, 3.85 {m}) in addition to those of the 
starting material. 
A photochemically induced ligand substitution reaction provides a synthetic alternative. 
Photolysis of (1)BF4 in CH2Cl2 in the presence of PMe3 or P(OMe)3 effects stepwise replacement of 
one, two and, much more slowly, even of all three carbonyl groups. To speed up the third substitution 
it is necessary to purge the reaction mixture with a slow stream of nitrogen. This method was 
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successfully used to produce the salt [Cb*Co(PMe3)3]BF4, (8)BF4, by exhaustive decarbonylation 
(Scheme 14). Analogously, photolysis in the presence of P(OMe)3 produces the closely related 
tris(trimethylphosphite) compound (9)BF4. However, a more convenient procedure leading to (9)PF6 
is described in subchapter 1.5.2. 
 
 
Scheme 14. 
 
1.3.3 Reactions of (1)BF4 and of 4 with Bipyridine 
 
Thermal substitution of CO in (1)BF4 with 2,2'-bipyridine is very slow. Mixing of equivalent 
amounts of the tricarbonyl complex and 2,2'-bipyridine in acetonitrile produced no changes (NMR 
tube reaction). After four hours the 1H NMR spectrum revealed the appearance of a singlet at 1.32 
ppm. The relative intensity suggested that only 2% of the tricarbonyl cation was transformed to the 
monocarbonyl(bipyridine) cation 10+ (Scheme 15). After one day at ambient temperature this value 
was 4%. Keeping the NMR tube at 60–70 °C for 3 hours greatly increased product formation and the 
spectrum showed 84% conversion. The NMR tube was further kept for several hours at elevated 
temperatures until the singlet corresponding to the starting material had disappeared. 
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The same cation as the iodide salt [Cb*Co(CO)(bipy)]I, (10)I, can be obtained more 
conveniently from the reaction of the iodide 4. (Scheme 15). Reaction of bipyridine with iodide 4 is 
much faster than with (1)BF4 at ambient temperature. According to 1H NMR experiment 23% were 
converted to the bipyridine complex in a few minutes and 74% in 4 hours. 
 
 
1.4 Photolysis and Thermal Reaction of [Cb*Co(C6H6)]PF6 [(3)PF6] 
 
 
1.4.1 Photolysis in Acetonitrile and Formation of [Cb*Co(MeCN)3]PF6 [(2)PF6] 
 
Different from 1+ the sandwich cation 3+ is rather light-sensitive, and solutions of (3)PF6 can 
be photolyzed with any light source at hand. Electronic absorption spectra of 3+ exhibit a strong peak 
at lmax » 350 nm (emax » 130 M–1cm–1) with a low-energy shoulder (lmax » 390 nm) as well as weak 
peak with lmax » 640 nm (emax = 5 M–1cm–1).[65] These spectra are very similar to those of complexes 
[CpFe(arene)]+, while for benzene complexes of ruthenium absorptions are shifted to shorter 
wavelengths.[58b] 
During irradiation of (3)PF6 in acetonitrile the color changes from yellow to red, and 
subsequent removal of the volatiles affords the product [Cb*Co(NCMe)3]PF6, (2)PF6, as red 
crystalline solid in quantitative yield (Scheme 16). The number of acetonitrile units in (2)PF6 was 
ascertained by elemental analysis and by the relative intensities of the 1H NMR spectrum of this 
complex in [D6]acetone; these were found to be 8.95:12 for the methyl signals of acetonitrile and 
Cb*, respectively. Finally, a single-crystal structure analysis (subchapter 1.7) unambiguously showed 
that three molecules  of acetonitrile are coordinated  at the cobalt atom. The new compound  (2)PF6 is  
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sensitive to air, especially in solution. It undergoes slow oxidation by CH2Cl2 which is seen as a fast 
deterioration of the NMR spectra taken in that solvent. With this feature the new complex cation 2+ 
resembles the chemical behavior of [(C7H7)Mo(MeCN)3]+.[61a] Previously K. R. Mann et al. have 
found that [CpOs(MeCN)3]+ was particularly unstable in acetone and dichloromethane solutions, 
rapidly decomposing to unidentified dark material.[53a] The instability of this complex as compared to 
the analogous ruthenium complex was attributed to the greater sensitivity of osmium to oxidation. 
The acetonitrile ligands in complex cation 2+ are substitutionally labile. In the 1H NMR 
spectra of (2)PF6 in [D3]acetonitrile, measured at 200 MHz and at ambient temperature, a single 
signal for the methyl groups of coordinated and solvent acetonitrile consisting of a singlet from 
coordinated acetonitrile and a quintet of CHD2CN is observed. Similarly, the 1H NMR (CD3CN) 
spectra of [CpRu(MeCN)3]+,[66] [Cp*Fe(MeCN)3]+[50a] and [CpOs(MeCN)3]+[53a] displayed one signal 
for coordinated and free acetonitrile. A 1H NMR spectrum of (2)PF6 in [D6]acetone/acetonitrile 
mixtures (with comparable quantities of free and coordinated acetonitrile), taken at 500MHz, showed 
line-broadening at ambient temperature, decoalescence at –10 °C, and two signals below that 
temperature in the low-temperature exchange regime. At –84 °C these signals were sharp with 
chemical shifts of? d = 2.50 ppm for coordinated and of d = 2.12 ppm for free acetonitrile. 
 
1.4.2 Photolysis in Liquid Ammonia and Formation of [Cb*Co(NH3)3]PF6 [(11)PF6] 
 
The photolysis of 3+ works equally well in liquid ammonia and affords the new triammine 
cation [Cb*Co(NH3)3]+ (11+) (Scheme 17). Although the benzene complex (3)PF6 is poorly soluble in 
liquid ammonia prolonged irradiation of the slurry produces a transparent red solution.  Depending on  
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the efficiency of stirring 0.5 mmol of the triammine complex (11)PF6 could be produced in 5–7 
hours. Slow evaporation of ammonia affords (11)PF6 as red microcrystalline product. The crystals are 
sensitive to air and humidity and smell of ammonia; they melt at about 170 °C, apparently without 
decomposition. The NMR spectrum recorded in [D6]acetone exhibited sharp resonances only when 
gaseous NH3 was dissolved in the solvent acetone. 
 
1.4.3 Thermal Benzene Displacement in Acetonitrile and Formation of (2)PF6 
 
In contrast to the benzene complex cations [CpM(C6H6)]+ of the iron triad refluxing of (3)PF6 
in acetonitrile gives the tris(acetonitrile) complex (2)PF6 (Scheme 18). When acetonitrile solutions of 
(3)PF6 are heated, the benzene ligand is displaced almost completely. This thermal ligand 
displacement reaction may be forced to go to completion when most of the volatiles are pumped off 
before heating the reaction mixture once more in fresh solvent. 
 
 
Scheme 18. 
 
The most straightforward conclusion from this outcome is that the Cb*Co+ fragment is harder 
metallo-electrophile than CpM+ (M = Fe, Ru), and hence features weaker bonding with soft ligand 
C6H6. Similar thermal benzene displacement was observed for benzene complexes of other hard 
metallo-electrophiles (h7-C7H7)Mo+ and (h5-EtMe4C5)Co2+.[61a,b] 
Further explanation can be deduced using simple MO considerations of sandwich complexes 
LML'. The e1(L) orbital set of the ring ligands L increases in energy in the order C6H6 < Cp < Cb < 
Cb*. The interaction with the metal orbitals e1(M) (which are higher in energy) increases in the same 
order and the counterligand L' becomes more weakly bonded thus constituting a structural trans-
effect. 
According to X-ray structure determinations of (3)PF6[65] and of 
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Fe–C6H6 1.547(2) Å). The Co–(benzene) distance is longer than the Fe–(benzene) distance although 
one has also to take into account the smaller radius of Co. 
The thermal benzene displacement reaction is a very convenient and makes a more 
straightforward procedure compared to photolysis. The main advantage is that it allows the 
preparation of larger amounts of material with the use of a minimum amount of acetonitrile. 
Reasonably this method can be extended to other suitable liquid ligands, e.g. pyridine, or solutions of 
ligands in acetonitrile if these are solids and are better ligands than MeCN and cannot be used in 
excess because of high cost. Examples will be given in the subsequent sections. It is also important 
that thermal benzene displacement will work in cases when photolysis is hampered by a filtering 
effect. This happens often when the product absorbs more efficiently than the starting material. 
However, it should be pointed out that there are limitations which reduce the applicability. Obviously 
ligands with low boiling point such as PMe3, SMe2 or liquid NH3 cannot be used in a thermal benzene 
displacement procedure. 
 
 
1.5 Ligand Substitution Reactions of [Cb*Co(MeCN)3]PF6 [(2)PF6] 
 
 
1.5.1 Synthesis of [Cb*Co(C5H5N)3]PF6 [(13)PF6] 
 
Addition of a large excess of pyridine to a solution of (2)PF6 in [D6]acetone in an NMR tube 
produced no visible changes. The 1H NMR spectrum, however, displayed a singlet at 0.72 ppm and 
three low field multiplets. In a preparative procedure an orange-red compound was isolated. The 1H 
NMR spectrum of the product in [D6]acetone, however, indicated that only two nitrile ligands were 
substituted by pyridine and complex (12)PF6 had formed (Scheme 19). 
 
 
Scheme 19. 
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To force substitution of the third acetonitrile ligand the reaction was run at elevated 
temperature overnight. Workup by precipitation with Et2O afforded the tris(pyridine) complex 
(13)PF6 as air-sensitive dark-red crystalline material. 
 
1.5.2 Synthesis of [Cb*Co{P(OMe)3}3]PF6 [(9)PF6] 
 
Addition of a large excess of trimethylphosphite to a solution of (2)PF6 in [D3]acetonitrile in 
an NMR tube effected a color change from red to brown. The 1H NMR spectrum of the reaction 
mixture showed a triplet (d = 1.30 ppm, JPH = 5.55 Hz) for the protons of the Cb* ligand, thereby 
indicating the presence of two P(OMe)3 ligands. The number of trimethylphosphite units was 
determined from the relative intensities of the spectrum; these were found to be 17.54:12 for the 
methyl signals of P(OMe)3 and Cb*, respectively, which is consistent with the formula 
[Cb*Co(MeCN){P(OMe)3}2]+ for the resulting cation 14+ (Scheme 20). 
 
 
Scheme 20. 
 
The tris(trimethylphosphite) cation 9+ was then synthesized by a two step procedure. First, an 
excess of phosphite was added to a solution of complex (2)PF6. After stirring the reaction mixture 
overnight the solution was concentrated. Due to the lower boiling point of acetonitrile this latter was 
almost removed leaving the solution of (14)PF6 in P(OMe)3. Workup after 24 h afforded (9)PF6 as a 
light-yellow crystalline powder. 
 
1.5.3 Reaction of (2)PF6 with PMe3 
 
As with P(OMe)3 the third substitution step is slow also in the case of the reaction between 
(2)PF6 and trimethylphosphane. The tris(acetonitrile) complex was treated with an excess of PMe3 in 
MeCN just at ambient temperature. After removal of the volatiles under vacuum, the solid residue 
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showed a virtual triplet for the protons of the P-methyl groups in the 1H NMR spectrum (200 MHz, 
CD2Cl2), thereby indicating the presence of two PMe3 ligands in the product (15)PF6 (Scheme 21). 
 
 
Scheme 21. 
 
Due to the low boiling point of PMe3 the two-step procedure described in the previous section 
for tris(trimethylphosphite) complex (9)PF6 was not attempted. 
 
1.5.4 Synthesis of [Cb*Co(CNtBu)3]PF6 [(16)PF6] 
 
In contrast to the cases of pyridine and of the phosphorus ligands P(OMe)3 and PMe3 the slim 
and strong carbon nucleophile CNtBu readily effected substitution of all three acetonitrile ligands of 
2+. Addition of an excess of isonitrile to a stirred solution of the tris(acetonitrile) complex (2)PF6 
resulted in an immediate colour change from red to yellow. Workup by precipitation with ether 
afforded (16)PF6 (Scheme 22) as a microcrystalline powder in excellent yield. 
 
Scheme 22. 
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1.5.5 Synthesis of (NEt4)2[Cb*Co(CN)3] (17) 
 
Next, the tris(acetonitrile) complex (2)PF6 was treated with NEt4CN. Similar to the isonitrile 
cyanide readily  effected substitution  of  all three acetonitrile ligands of 2+  (Scheme 23).  The yellow  
 
 
Scheme 23. 
 
color of the mixture indicated completion of the reaction immediately after mixing. The formation of 
(NEt4)PF6 complicated the isolation of the tricyano derivative 17. Fractional crystallization from dry 
acetone (10 mL) / MeCN (0.5 mL) gave 17 as a spectroscopically pure, brownish yellow, crystalline 
solid leaving (NEt4)PF6 in solution. The new tricyano complex is very air-sensitive, obviously 
because it is sensitive both to oxidation and to protonation by moisture. 
 
 
1.6 NMR Spectroscopic Properties 
 
Tetramethylcyclobutadiene 1H and 13C NMR data of the tris(ligand) complexes and related 
compounds are compiled in Table 1. All samples were measured in [D6]acetone if not stated 
otherwise. According to Table 1 ligands of predominant s-donor character tend to shift the signals of 
the methyl groups and ring carbons to higher field. This is clearly seen on stepwise substitution of CO 
for acetonitrile in (1)BF4. Chemical shifts of the ring carbons are more informative since they are 
more strongly affected by the changes induced by the counterligands. The tricarbonyl cation 
exhibited the signal at lowest field due to the strongest p-acceptor property compared to the cations 
with other ligands studied in the work. The signals of the tris(trimethylphosphite) cation 9+ are found 
at somewhat lower fields compared to those of the tris(trimethylphosphine) cation 8+ which is in a 
good agreement with the higher p-acid character of P(OMe)3. Similarly, the weak p-acid character of 
acetonitrile  manifests itself  by the shifts  to lower  field  in the  tris(acetonitrile) cation  2+ relative to  
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Table 1. 1H and 13C NMR chemical shifts of tris(ligand) and related compounds. 
 
Complex 
1H NMR d, ppm 
(C4Me4) 
13C NMR d, ppm 
(C4Me4) 
13C NMR d, ppm 
(C4Me4) 
[Cb*Co(CO)3]BF4, (1)BF4 2.08a 9.9b 106.6b 
[Cb*Co(MeCN)(CO)2]BF4, (5)BF4 1.75 – – 
[Cb*Co(CO)2(PMe3)]BF4, (7)BF4 1.89 9.5 96.9 
[Cb*Co(MeCN)2(CO)]BF4, (6)BF4 1.35 9.2b 92.2b 
[Cb*Co(CO)(bipy)]I, (10)I 1.32 9.1 89.6 
[Cb*Co(CNtBu)3]PF6, (16)PF6 1.57 9.6 87.1 
[Cb*Co{P(OMe)3}3]PF6, (9)PF6 1.51 9.4 86.6 
[Cb*Co(PMe3)3]BF4, (8)BF4 1.48 10.5 78.5 
(NEt4)2[Cb*Co(CN)3], 17 1.27 10.9 71.0 
[Cb*Co(MeCN)3]PF6, (2)PF6 0.91 8.9 74.8 
[Cb*Co(C5H5N)3]PF6, (13)PF6 0.62c 8.8c 70.4c 
[Cb*Co(NH3)3]PF6, (11)PF6 0.84d 8.9d 61.7d 
 
a See ref.,[45] b recorded in [D3]MeNO2, c recorded in [D6]acetone with a drop of [D5]pyridine, d 
recorded in [D6]acetone, saturated with NH3. 
 
complexes with pure s-donor ligands such as C5H5N and NH3. As expected, N-donor ligands 
(MeCN, C5H5N, NH3) display shifts to higher field compared to softer donors P-donor ligands PMe3, 
P(OMe)3. The tricyano dianion in 17 displays substantial shift to higher field compared to the 
tris(tert-butylisocyanide) complex cation 16+. This difference can be explained by the double 
negative charge. Interestingly, the highest signal of a Cb* group in the proton spectrum was observed 
for the tris(pyridine) cation 13+, while the triammine cation 11+ displayed the highest signal of a Cb* 
group in the carbon spectrum. Most probably the signal due to the hydrogens of Cb* of 13+ is shifted 
upfield due to the shielding effect of the p-cloud of pyridine added to the solution or pyridine ligands 
in the complex. 
 
 
1.7 Structures of [Cb*Co(CO)3]BF4 [(1)BF4] and [Cb*Co(MeCN)3]PF6 [(2)PF6] 
 
To the best of our knowledge no tris(ligand) complex of the Cb*Co fragment has yet been 
characterized structurally. Therefore the structure of (1)BF4 was determined. Crystallization from 
acetone/THF gave small, light yellow crystals. The crystals turned out to be systematically twinned 
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platelets, which is expected to limit the quality of the final structural model. Compound (1)BF4 
crystallizes in the monoclinic space group P21/m with two independent, very similar formula units in 
the elemental cell. Both cations and both anions display crystallographic mirror symmetry. One of the 
cations (cation 1+, all labels beginning with a leading 1) is shown in Figure 2. Selected bond distances 
are listed in Table 2. 
 
Table 2. Selected bond distances of (1)BF4. 
 
 
Figure 2. Structure of one of two independent cations 1+ (PLATON plot[165] at the 50% probability 
level) in the crystal of (1)BF4. 
 
The cation 1+ possesses the expected piano-stool structure. The planes defined by the 
cyclobutadiene carbon atoms (plane C4), by the carbonyl carbon atoms (plane C3), and by the 
carbonyl oxygen atoms (plane O3) are roughly parallel [largest deviation 3.8(6)° between the two 
carbon planes C4 and C3 of cation 1]. The metal-to-ring distance amounts to 1.769(2) for cation 1 and 
to 1.785(2) Å for cation 2 and is remarkably long. In the family of CbCoCp complexes this distance 
is 1.68 – 1.70 Å,[67a] and is e.g. 1.681 Å for the parent complex CbCoCp[67b] and 1.692 Å for 
(C4Ph4)CoCp.[68a] With reference to the bonding characteristics of CbCoCp[69] we expect that the 
lower energy of the 2e valence orbital set of the Co(CO)3+ fragment as compared to that of the 
uncharged CoCp fragment[4b] results in an e MO set of more metal character and hence only weaker 
Co–Cb bonding in the cation 1+. 
Crystals of (2)PF6 that were suitable for a structural study were obtained by crystallization 
from an acetonitrile/ether mixture. The structure determination was hampered by disorder of the 
cyclobutadiene ring. In the final structural model this disorder is largely resolved showing two 
Bond distances (Å) 
Co1–C10 1.826(13) 
Co1–C11/Co1–C11’ 1.852(10) 
Co1–C100/Co1–C100’ 2.061(8) 
Co1–C101/Co1–C101’ 2.048(8) 
Co2–C22 1.739(13) 
Co2–C21/Co2–C21’ 1.817(10) 
Co2–C200/Co2–C200’ 2.029(8) 
Co2–C201/Co2–C201’ 2.061(8) 
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dispositions of the rings with almost equal (0.52 and 0.48) occupancies (Figure 3). Selected bond 
distances are listed in Table 3. 
 
Table 3. Selected bond distances of (2)PF6. 
 
 
 
Figure 3. Structure of the major disposition of cation 2+ (PLATON plot[165] at the 50% probability 
level) in the crystal of (2)PF6. 
 
The best ring planes C4 (with the atoms C1, C2, C3, C4) and C4B (with C1B, C2B, C3B, 
C4B) of the minor orientation display an interplanar angle of 6.8(16)º. The metal-to-ring distance 
amounts to 1.680(10) for the major disposition and to 1.670(10) Å for the minor disposition. With 
reference to the general bonding characteristics of (cyclobutadiene)metal complexes such as 
CbFe(CO)3,[4b] we expect that the stronger s-donor property of acetonitrile ligands as compared to 
CO, results in a higher energy of the 2e valence orbital set of the Co(MeCN)3+ fragment, as compared 
to that of the Co(CO)3+ fragment. As a consequence a stronger Co–Cb interaction is expected in 
(2)PF6 as compared to (1)BF4. 
 
 
1.8 Electrochemical Studies  
 
The redox behavior of the complexes (2)PF6, (8)BF4, (9)PF6, (13)PF6, (16)PF6, and 17 was 
studied by cyclovoltammetry in acetonitrile or dichloromethane. All these complexes show a 
chemically fully reversible oxidation. No reduction was found down to the solvent/electrolyte limit at 
about –2 V. Table 4 lists the electrochemical data obtained, with the compounds arranged in order of 
increasing oxidation potential. The data show that hard donor ligands tend to ease oxidation; in other 
Bond distances (Å) 
Co–C1 1.948(8) 
Co–C2 2.043(12) 
Co–C3 1.989(13) 
Co–C4 1.856(19) 
Co–N10 1.943(6) 
Co–N20 1.951(7) 
Co–N30 1.957(7) 
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words, hard donor ligands stabilize the CbCo2+ fragment more than the soft donors PMe3, CNtBu, 
and P(OMe)3. The 17e acetonitrile cation 22+ shows a second irreversible oxidation at about 0.8 V. 
The 17e monoanion [Cb*Co(CN)3]– derived from monoelectronic oxidation of 17 is not further 
oxidized up to about 0.4 V, i.e. it exhibits a stability window of at least one volt. The dianion of 17 is 
highly air-sensitive. However, the green air oxidation product seems to be different from the 
electrochemical oxidation product since it cannot be re-reduced electrochemically. Further 
investigation of the cyano compounds would seem desirable and rewarding. 
 
Table 4. Cyclovoltammetric data for (2)PF6, (8)BF4, (9)PF6, (13)PF6, (16)PF6, and 17. 
 
Electroactive species Solvent E1/2/V vs. SCE DE/mV v/(mV s
–1) 
[Cb*Co(CN)3]2–  in 17 MeCN –0.616 146 50 
[Cb*Co(py)3]+  in (13)PF6 MeCN 0.155 80 100 
[Cb*Co(NCMe)3]+  in (2)PF6 MeCN 0.23 77 50 
[Cb*Co(PMe3)3]+  in (8)BF4 CH2Cl2 0.70 65 100 
[Cb*Co(CNtBu)3]+  in (16)PF6 CH2Cl2 0.97 94 100 
[Cb*Co{P(OMe)3}3]+  in (9)PF6 CH2Cl2 1.02 74 100 
 
 
Redox behavior classifies the Cb*Co+ fragment as a relatively hard organometallic metallo-
electrophile, similar to CpFe+. This feature is illustrated by the fact that complexes [Cb*CoL3]n+ could 
be prepared with ligands of predominant s-donor character as well as with p-acceptor ligands. 
However, in both cases of Cb*Co+ and CpFe+, ligands placed to the left of ammonia and acetonitrile 
in the spectrochemical series, such as water, lead to decomplexation of the carbocyclic ligand. 
 
1.9 Conclusion 
 
The present work has developed an improved synthesis of the (tetramethylcyclobuta-
diene)cobalt complexes Cb*CoI(CO)2 (4) and [Cb*Co(C6H6)]+ [as hexafluorophosphate (3)PF6] which 
are versatile starting materials for the preparation of other tris(ligand) complexes. Photolysis of 
(3)PF6 in acetonitrile produce synthetically useful, reactive metallo-electrophile [Cb*Co(NCMe)3]+ as 
the hexafluorophosphate (2)PF6 which was characterized by elemental analysis, NMR and CV. 
Alternatively, the tris(acetonitrile) complex could be obtained via thermal substitution of benzene by 
acetonitrile when heating (2)PF6 in acetonitrile solution. The first structural characterizations of 
tris(ligand) complex cations [Cb*CoL3]+ with L = CO and MeCN are presented. Complex cation 2+ is 
substitutionally labile and reacts with a wide variety of Lewis bases to form cations of the type 
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[Cb*CoL3]+. However, there are some obvious limitations. The ligand to be introduced should either 
react irreversibly or should be less volatile than acetonitrile. With greatly facilitated accessibility of 
Cb*Co complexes achieved in this work, the metallo-electrophile [Cb*Co(NCMe)3]+ could now enter 
into the standard armory of the synthetic organometallic chemist. 
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2. Protonation of CpCoCb*: Ring-opening with Formation of a Novel s,h4- 
Butadienyl Cation [CpCo(s,h4-C4HsynMe4)]+ 
 
 
2.1  Introduction 
 
Protonation, and more generally, electrophilic attack on metallocenes has attracted the interest 
of organometallic chemists for more than forty years. Along with preparative significance of the 
reactions with electrophiles the question of the primary site of electrophilic attack triggered numerous 
investigations. It was found that these processes may proceed through initial attack of the electrophile 
from the endo or the exo side on the carbon atoms of a Cp ring or on the metal atom (Scheme 24). 
Prevalence of one of these pathways over another is determined by a complex balance between 
different factors: the basicity of the metal, the nature of the electrophile, the reaction medium and the 
presence of substituents on the Cp rings. 
 
 
Scheme 24. 
 
The question as to the site of protonation in ferrocene was first investigated by Rosenblum 
utilizing 1H NMR spectroscopy.[70] The absence of an unsymmetrical multiplet for the Cp ring 
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protons in the spectrum, together with the appearance of a broad resonance at high field after addition 
of acid (BF3·H2O) were supposed to be consistent with structure A (Scheme 24, E = H, M = Fe) for 
protonated ferrocene. The doublet splitting of the ring protons in the spectrum of the ferrocenonium 
cation was assigned to spin coupling of these nuclei with the metal bound proton. In BF3·D2O a 
deuteration of ferrocene is taking place. The intermediacy of species A in electrophilic substitution 
reactions of ferrocene was proposed by the same authors[71] and was supported by a number of 
experimental facts. The heteroannular cyclization by internal Friedel-Crafts acylation of b-
ferrocenylpropionic acid[72,73] was formulated by Rosenblum[71] in terms of an endocyclic bridging 
unit in the intermediate on steric grounds. In the work of Bitterwolf and Ling[74] the protonation of 
heteroannularly substituted dialkyl ferrocenes was investigated. In the 1H NMR spectra of 1,1’-
dimethylferrocenonium a large separation DdAB within the AA’BB’ pattern pertaining to 1,1’-
dimethylferrocene was taken as evidence for metal-protonation which led to a tilted species such as A 
with concomitant restricted rotation of the rings. Using an MO approach to describe the bonding in 
metallocenes and related molecules, Ballhausen and Dahl[75] considered tilted species such as A. In 
this situation (e.g. M = Fe) the altered molecular geometry requires hybridization of the metal dz2, dxy 
and dx2-y2 orbitals, which are essentially nonbonding in ferrocene, to produce three new mutually 
orthogonal orbitals. In the case of a bent ferrocene, these hybrid orbitals would contain three 
nonbonding electron pairs leading to an unsymmetrical distribution of electron density in the volume 
between the cyclopentadienyl rings. These considerations were invoked by Barr and Watts[76] to 
explain the dependence of the shift separation (Dd) of the AA’BB’ pattern upon the tilt angle in 
ferrocenophane compounds. Similarly Bitterwolf and Ling[74] concluded that the difference in 
chemical shift between a and b protons represents a measure of the degree of ring tilt in protonated 
1,1’-dialkylferrocenes since alkyl substituents were reported to have little influence on the chemical 
shifts of ring protons in ferrocenes. 
The question as to the site of protonation in ferrocene was also studied in the gas phase 
utilizing high-pressure mass spectroscopy.[77] Protonation experiments performed with a mixture of 
heavy water, nitrogen as a reactant gas and ferrocene added showed formation of [Cp2FeD]+ as the 
only product; [Cp2FeH]+ was not observed up to 2-ms reaction time. The absence of thermoneutral 
proton exchange indicated that the incoming D+ attaches at an energetically favored unique site and 
does not exchange with the ring hydrogens. Since it retains its identity it is then lost upon 
deprotonation. The principle of microscopic reversibility suggests that this observation is consistent 
with direct protonation on iron or endo protonation of Cp rings. The reasoning is as follows: in the 
case of metal-protonation, if equilibrium between A and B exists (Scheme 24), the deuterium will 
always be in the endo position of the Cp ring and, as the only species available to transfer back to the 
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iron, it – and not a proton – will return to the iron, the only site from which it may be lost. Similar 
considerations are applied to the case when ferrocene is protonated at the Cp carbons in the endo 
fashion. Taking into consideration the absence of H/D exchange Meot-Ner[77] has estimated the 
difference between the protonation energies on iron and on the ring which suggested that the metal-
protonated form should be at least 5 kcal/mol more stable than the ring-protonated species. 
Nevertheless some experimental data were not in accord with the mechanism proposed by 
Rosenblum and suggested an alternative attack from the exo side. The observation of Rinehart and 
co-workers[78] that there is no steric effect in the acylation of singly and doubly trimethylene-bridged 
ferrocenes, where the approach to the metal center is clearly hindered, was in contradiction with the 
suggested intermediacy of A. The validity of the reaction path involving A was also challenged by the 
fact that exo-3-(b-carboxyethyl)-1,2-ferroceno-1-cyclohexene underwent intramolecular cyclization 
faster than its endo epimer.[79] Direct attack of the cyclopentadienyl ring, without metal intervention, 
has been proposed to occur via two different modes depending upon the strength of the electrophile: 
strong electrophiles (e.g. RCOCl/AlCl3) attack exo with formation of a C-type intermediate (Scheme 
24, E = H, M = Fe) whereas weak electrophiles (e.g. HgCl2) attack the more electron rich endo face 
of the cyclopentadienyl ring.[80] H/D exchange on the other hand was assumed to proceed via both 
exo and endo attack. The interaction of weakly protic reagents, such as phenol, phenylacetylene, and 
chloroform with ferrocene has been studied by IR, NMR, and UV spectroscopy.[81] H-bonding 
involving the Cp ring as the p-electron donor was revealed by an upfield shift of the C-H resonance 
of chloroform in the presence of ferrocene. The upfield shift was attributed by analogy with the 
chloroform/benzene system to the anisotropic magnetic susceptibility of the p-cloud of the Cp rings, 
whereby a proton approaching the rings comes into the screening region. Metal-protonation in a 
mildly protic medium was suggested to be unlikely since no spectral change was found in the visible 
region where the absorption is due to ligand field transitions within the metal centre. However, the 
presumption that visual spectral changes must accompany metal-protonation was unambiguously 
disproved by Bitterwolf[82] by comparing the electronic absorption spectra of ferrocene in ethanol and 
trifluoroboric acid. Only a small hypsochromic shift of the visual absorption was observed upon 
protonation. In contrast to the relatively unaffected visual absorption, the ultraviolet absorption 
increased greatly in intensity over the value in ethanol. 
Reliable conclusions concerning acylation reactions of ferrocenes via exo attack and 
mercuration via an A-type intermediate were first obtained by A. F. Cunningham.[83] Treatment of 
1,1’-bis(trimethylsilyl) or 1,1’-bis(tributylstannyl)ferrocene with acetyl chloride in the presence of 
AlCl3 affords a mixture of three isomeric acetylferrocenes, 1’-acetyl-, 2-acetyl-, and 3-acetyl-1-
(trialkylsilyl and -stannyl)ferrocene.[83a] The formation of two homoannularly disubstituted products 
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cannot result from endo attack of an acylium on a Cp ring followed by exo loss of a proton from this 
Cp ring. Friedel-Crafts reactions with selectively deuterated ferrocenes showed that initial exo 
electrophilic attack is followed by intramolecular interannular proton migration (Scheme 24). Proton 
transfer to the more electron rich ring at the position substituted by R and subsequent loss of the exo 
R groups provides the observed homoannularly disubstituted ferrocenes. In distinction to acylation, 
experiments with mercuration of (pentadeuterocyclopentadienyl)cyclopentadienyliron provided direct 
evidence that mercuration proceeds via precomplexation to yield species such as A and ensuing endo 
transfer of the electrophile to the Cp ring.[83b] 
In the 1H NMR spectrum of ferrocene in boron trifluoride hydrate under strictly anaerobic 
conditions the hydride signal at –1.9 ppm revealed a fine splitting with the peak distribution typical 
for an undecet.[84] Noteworthy, such remarkable observation was not reported in other works on 
ferrocene protonation. Irradiation of the peak corresponding to the Cp protons led to the collapse of 
the “undecet” to a singlet which showed weak satellite peaks with intensity corresponding closely to 
the one expected for the 57Fe isotope present in 2.1% natural abundance. Thus, first direct observation 
of the Fe–H coupling with J = 21.6 Hz was made. The spectrum of ferrocene in BF3·D2O showed no 
proton signal in the 5–6 ppm range indicating rapid and complete deuteration of the Cp rings. The 
authors concluded that ferrocene is protonated via exo-attack at the rings and that a rapid exchange 
between the added proton and all ten ring positions is possible through the intermediacy of a Fe–H 
bonded species. In contrast to the case of ferrocene, the 1H NMR spectrum of protonated ruthenocene 
showed a sharp signal due to the hydridic proton at considerably higher field and the absence of any 
coupling between hydride and ring protons.[84] Deuteration showed no H/D exchange in the case of 
ruthenocene - a strong argument against primary protonation from the exo side, leaving protonation at 
the metal or from the endo side. 
Ahlberg reported protonation of ferrocene–d10 in super acid at low temperature.[85] Direct 
observation of the ferrocenonium ion by 1H NMR at –109 °C showed the presence of a high field 
signal and only residual intensity for the Cp protons. Hence, it became clear that protonation of 
ferrocene had taken place in an endo fashion with or without intermediacy of A. Evidently, this most 
conclusive result was obtained owning to very slow H/D exchange at low temperature. That only two 
signals were observed with relative intensity 10:1 when ferrocene was protonated at low temperature 
in super acid suggested that the ferrocenonium ion undergoes extensive fast degenerate 
rearrangements. In addition Ahlberg performed DFT calculations (B3LYP hybrid functional) which 
indicated the presence of an agostic C–H–Fe bond, in other words, protonation of an Fe–C edge 
(Scheme 25, M = Fe). It was found that the potential energy barrier for the degenerate rearrangements 
of  the ferrocenonium ion  with  an agostic C–H–Fe bond is low,  suggesting that the agostic proton is  
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Scheme 25. 
 
delocalized over all 10 Fe–C edges. This computational result is consistent with the NMR 
spectroscopic observations. 
Quantum chemical calculations on ferrocene differ in detail, but all agree on the fact that the 
metal carries a positive charge. The positive charge makes an attack of electrophiles at the metal 
unlikely whereas the negatively charged Cp ligands would be the likely point of attack. In complete 
contrast to ferrocene, a considerable negative charge on the metal atom was found for 
ruthenocene.[84,86,87] 
One of the first theoretical treatments of protonated ferrocene was performed by M. L. 
McKee[87] utilizing HF and MP2 methods. According to the ab initio calculations the metal-
protonated form A is preferred over the ring-protonated B by 34.6 kcal/mol at the MP2 level, whereas 
the situation is reversed at the HF level, the energy differences varying from 10 to 60 kcal/mol 
depending on the level of calculation. The calculated proton affinities are at significant variance with 
experimentally determined values.[77,88] Conclusions of this work were criticized in the subsequent 
theoretical works.[85,89,90] Comprehensive DFT calculations (BLYP hybrid functional) of the iron 
group metallocene protonation were performed by Borisov and Ustynyuk.[89] For ferrocene five types 
of protonated structures were found with structure D (Scheme 25, M = Fe) being the most stable. 
Interestingly, this structure was not found in the DFT calculation (B-PW91 hybrid functional) 
performed by A. F. Cunningham,[90] but an intermediate form corresponding to a saddle point of the 
transformation A " D was identified. The energy difference between the two minima corresponding 
to intermediate form and hydride structure was calculated to be 0.3 kcal/mol and with ZPE 
corrections the energy of both minima became equal. This led to the incorrect conclusion that the 
DFT method does not properly elucidate the site of protonation whether metal or Cp rings carbons. 
On the other hand, calculations of Borisov and Ustynyuk clearly indicated that the ring-protonated 
form D is favored since the metal-protonated form A is 3 kcal/mol higher in energy.[89] 
M
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For protonated ruthenocene five structures were found which are analogous to those 
determined for protonated ferrocene.[89] In contrast to ferrocene, the metal-protonated structure A 
(Scheme 24, E = H, M = Ru) was determined to be the most stable tautomer in the case of 
ruthenocene. Remarkably, for protonated osmocene only form A was found on the potential energy 
surface. This is in line with a general trend: while going down a group the proton affinity of the metal 
and the stability of the metal hydride form increase. 
In the previous theoretical treatments[85,87,90] of ferrocene protonation the [1,5]-sigmatropic 
shifts of exo and endo hydrogen atoms in structures B or D were not analyzed. Analysis of the 
potential energy surface revealed a structure where Hexo is bound to two neighbouring carbon 
atoms.[89] It was calculated that this structure corresponded to a saddle point of the [1,5]-sigmatropic 
shift of Hexo. An attempt to find a saddle point for sigmatropic shift of Hendo was not successful. 
Therefore, for the endo hydrogen involved in agostic bonding there is only one possibility to migrate 
to another carbon atom, that is through formation of the hydride structure A (Scheme 24, E = H, M = 
Fe). A similar transition state for the [1,5]-sigmatropic shift was identified for protonated 
ruthenocene. The authors concluded that for H/D exchange in ferrocene and ruthenocene the paths 
involving [1,5]-sigmatropic shifts of exo hydrogens will be disfavored since these processes are 
characterized by very high activation energies of 24 kcal/mol for ferrocene and 37 kcal/mol for 
ruthenocene. The occurrence of an electrophilic hydrogen isotope exchange depends on the relative 
energies and energetic barriers between structures A and D. If one of the forms will be significantly 
more stable than the other H/D exchange will not proceed or will be very slow. According to this 
consideration H/D exchange will be most favored in the case of ferrocene since there the two forms 
are separated by a lower energy barrier (0.3 kcal/mol for A " D, 3 kcal/mol for D " A) compared to 
ruthenocene (1 kcal/mol for D " A, 5.2 kcal/mol A " D).[89] In the case of osmocene the difference 
in energy between the hydride structure and the ring-protonated structure is so large that the latter 
does not show up on the potential energy surface. 
The DFT method at the B-PW91 level of calculation[90] yielded reliable results in the cases of 
acylation and mercuration. For acylation exo attack is clearly favored in agreement with experimental 
evidence formulated for hard electrophiles. According to the calculations a stable metal-acylated 
structure was obtained, however, no stable structures were found for the ensuing steps of an endo 
mechanism. As expected for soft electrophiles mercuration occurs via endo attack. The structures 
obtained in this case agree with an initial precomplexation of the metal and evolution towards a 
mercurated ferrocene through bonding of the electrophile to the endo face of a Cp ligand and loss of 
the exo proton. Whereas the mechanisms of acylation and mercuration of ferrocene are in full 
agreement with the experiments of A. F. Cunningham[83] and with DFT calculations,[90] many 
ambiguities remain for the protonation. Summarizing all experimental data and DFT theoretical 
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treatments leads to the conclusion that ferrocene is protonated unselectively via both exo and endo 
mechanism. At low temperatures (1H NMR at –109 °C, experiment by Ahlberg) protonation of 
ferrocene takes place exclusively in an endo fashion thus explaining the absence of H/D exchange. 
With respect to the process of H/D exchange of ferrocene, the principle of microscopic reversibility 
requires that protonation also occurs via exo attack of H+. Further evidence for the exo protonation of 
ferrocenes has been obtained through the study of the formation of dihydrogen from 
[1,1]ferrocenophane in acidic media.[91] Treatment of this dimetallocene with BF3·D2O results in its 
oxidation and generation of predominantly H2. If direct protonation of the metal center was operative, 
the exclusive generation of D2 would have been expected. 
Cobaltocene reacts with acids to give a clean oxidation to cobaltocenium with evolution of 
hydrogen[92] (Scheme 26). Metal protonation was unequivocally established by the work of Kölle and 
Grätzel[92] since deuterated acid gave exclusively D2. 
 
 
Scheme 26. 
 
Protonation and electrophilic addition to nickelocene[93] or its methyl derivatives were shown 
to go via exo attack on the Cp rings, leading to the exo-substituted cyclopentadienyl complexes[94] or 
to follow-up products thereof[95] (Scheme 27). While reaction with HBF4 gives [Ni2Cp3]+ and C5H6 
quantitatively,  anhydrous  HF at  low  temperature  protonates  nickelocene without  cleaving  Cp–Ni  
 
Scheme 27. 
Co ++ CoH + 1/2H2
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bonds. The addition of gaseous BF3 to the cation [CpNi(C5H6)]+ in HF gives ionic compound 
NiCp]BF4.[96] 
A more complex situation arises when neutral sandwich complexes with two different ligands 
are considered  (Scheme 28). The complex  (h4-C4H4)CoCp[35,36b]  and  also (h4- C4H4)RhCp[97]  were  
 
 
 
Scheme 28. 
 
shown to undergo Friedel-Crafts acylation and acetoxymercuration at the four-membered ring to 
afford monosubstituted derivatives. The sum of experimental data on electrophilic substitution 
reactions revealed higher susceptibility of the cyclobutadiene ring over the Cp ring. The organic 
chemistry of (h4-C4Ph4)CoCp was investigated rather extensively by Rausch and Genetti.[19c,d] The 
four-membered ring remained unaffected and the complex underwent many of the electrophilic 
substitution reactions at the Cp ring that are characteristic for ferrocene. Herberich et al. reported 
Friedel-Crafts acetylation of the boratabenzene complex (h4-C4Me4)Co(h6-C5H5BCH3) at the 
boratabenzene ring.[98] A deuteration experiment demonstrated fast H/D exchange at the 
boratabenzene ring. 
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In the present work it is shown that CpCo(h4-C4Me4) occupies a special position in the series 
of neutral cyclobutadiene cobalt complexes. Protonation of CpCo(h4-C4Me4) results in ring-opening 
and produces the novel carbenoid complex [CpCo(s,h4-C4HMe4)]+ which demonstrates diverse and 
intriguing chemistry. 
 
 
2.2 The Starting Complex CpCoCb* (18) 
 
 The first synthesis of (h5-cyclopentadienyl)(h4-tetramethylcyclobutadiene)cobalt (18) was 
reported by Bruce and Maitlis in 1967.[18a] The neutral 18-electron sandwich compound was formed, 
albeit in rather poor yield (17–19%), by the reaction of the iodide Cb*Co(CO)2I (4) either with 
sodium cyclopentadienide in THF or by a ligand-exchange reaction with cyclopentadienyliron 
dicarbonyl dimer in refluxing benzene. Use of TlCp instead of NaCp drastically improved the yield to 
79%.[18b] Compound 18 was also prepared in 32% and 26% yield from reaction of (1)PF6 with NaCp 
and TlCp respectively.[45] The dimer [Cb*Co(CO)2]2 was observed as a byproduct in the reaction of 
carbonyl derivatives (1)PF6 and 4 with NaCp. To avoid reduction as well as the use of TlCp an 
alternative procedure was developed starting from [Cb*Co(MeCN)3]PF6, (2)PF6, (Scheme 29).  
 
Scheme 29. 
 
Reaction of (2)PF6 with sodium cyclopentadienide in THF at ambient temperature resulted in smooth 
formation of the sandwich complex 18, which was isolated as a spectroscopically pure crystalline 
solid in high yield (95%). Previously, the new metallo-electrophile 2+ had provided an efficient entry 
into the class of (boratabenzene)(h4-tetramethylcyclobutadiene)cobalt complexes[99] and was used in 
situ in the reaction with the carbaborane anion [9-(Me2S)-7,8-C2B9H10]– to give the 
metallacarbaborane Cb*Co[9-(Me2S)-7,8-C2B9H10].[54] 
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2.3 Protonation of CpCoCb* (18) 
 
 
2.3.1 Formation of [CpCo(s,h4-C4HsynMe4)]+ (19+) and Deuteration Experiment 
 
 Addition of excess of CF3CO2H to a CD2Cl2 solution of 18 at ambient temperature resulted in 
a rapid colour change from yellow to dark red. The 1H NMR spectrum recorded immediately after the 
addition of acid showed the presence of a new species with four different methyl groups, three as 
singlets and the one at highest field as a doublet (d = 0.55, J = 6.7 Hz), which was coupled to a single 
proton at rather low field (d = 6.49, J = 6.7 Hz). No signals corresponding to 18 were observed 
indicating complete conversion of the starting material. Subsequent 1H NMR spectra measured after 
one and two hours and finally after one day revealed a consecutive reaction. The new compound was 
stable below –20 °C, however, above –10 °C slow formation of a follow-up product was observed. 
Since the product of protonation appeared to be unstable at ambient temperature characterization and 
reactivity studies had to be carried out at low temperature. In the 13C{1H} NMR spectra recorded at –
40 °C nine signals corresponding to the new species were observed. Four of these signals were 
readily attributed to four methyl groups and the one of highest intensity was assigned to the Cp ring 
carbons. Of particular significance was the signal at remarkably low field (d = 299.1) which 
suggested the presence of a carbenoid carbon atom. This, together with three signals in the range 85–
120 ppm was assumed to belong to a four carbon ligand. Hence, on the basis of the NMR data it is 
suggested that reaction of 18 with CF3CO2H led to the apparent delivery of H+ to the h4-
cyclobutadiene ring with ensuing ring-opening to yield the s,h4-butadienyl complex cation 19+ 
(Scheme 30). 
 
 
Scheme 30. 
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A deuteration experiment using CF3CO2D to generate the new species 20+ (Scheme 31) 
showed a singlet for what before had been a doublet at 0.55 ppm and only residual intensity for the 
quartet  at 6.49 ppm  and thus indicated  that the single proton  resonating at low field originated from  
 
 
Scheme 31. 
 
the acid. This observation rules out the initial exo-attack by ”D+” on the cyclopentadienyl ring 
followed by endo-hydrogen transfer from the resulting h4-C5H5D to the metal and further to the 
cyclobutadiene ligand. The question as to the initial site of protonation could be further elucidated 
with reference to the bonding characteristics of (h5-cyclopentadienyl)(h4-cyclobutadiene)cobalt.[69] 
The two highest occupied MO’s of CpCoCb originate from the interaction of the half-filled eg levels 
of the cyclobutadiene ligand with the half-filled e1 levels of CpCo fragment. This interaction leads to 
a considerable stabilization of the former eg MO’s of the cyclobutadiene ring and to a transfer of 
electron density from cobalt to the C4H4 part, which points to the fact that electrophilic substitution 
reactions of CpCoCb are occurring at the Cb ring.[35,36b] This orbital pattern will not change 
significantly on going from CpCoCb to CpCoCb*. It is reasonable to assume that eg levels of Cb* 
will still lie at a lower energy than the e1 levels of the CpCo fragment. In addition, Cb* features four 
electron-donating substituents – methyl groups. Therefore the electron density in the resulting MO’s 
is more concentrated on the Cb* ligand making it the likely site of electrophilic attack, in particular 
protonation. 
Since clean transformation 18 " 19+ as determined by 1H NMR requires at least a 5-fold 
excess of acid a primary protonation equilibrium 18 + H+ D (18H)+ is suggested.  
Complexes with s,h4-butadienyl-type ligands are known in some variety but to the best of our 
knowledge, cation 19+ is the first such complex cation of a 3d-metal. Previously, complexes of this 
type have been prepared by ring-opening of cationic (h4-cyclobutadiene)ruthenium complexes,[100a,b] 
by nucleophilic attack on the ruthenacyclopentatrienes formed in oxidative coupling of two 
alkynes,[101] by coupling of alkyne and h2-vinyl ligands at molybdenum,[102,103] tungsten[103] and 
Co
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rhenium centers,[104] by regioselective linking of an alkyne to an alkene in the coordination sphere of 
rhenium,[105] by insertion of an alkyne into the C–S bond of an h3-C(CF3)C(CF3)SR ligand in 
molybdenum[106a,b,c] and tungsten[106b,d] complexes, by alkyne-alkyne coupling in W(h4-
C4Ph4)(C2Ph2)2(CH3CN),[107] through allyl-alkyne coupling reaction accompanied by a 1,3-hydrogen 
shift in the allyl moiety in the reaction of Tp*NbCl2(PhCºCR) with allyl Grignard,[108] by hydride 
abstraction from h4-1,3-diene complexes of molybdenum[102b,c] and rhenium,[105b] and by protonation 
of vinylallene complexes of molybdenum.[102a,c] Spectral data of the butadienyl chain in s,h4-
butadienyl complexes are summarized in Table 5. 
 
Table 5. 1H (4-H, 4-Me) and 13C (C-1) chemical shifts of known s,h4-butadienyl complexes a 
Complex 4-H 4-Me C-1 Ref. 
[CpCo(s,h4-C4HsynMe4)]CF3CO2, (19)CF3CO2 6.49 0.55 299.1 This work 
[CpCo(s,h4-C4Hsyn(CH2CPh3)Me3)]BF4, (36)BF4 6.12 – 293.8 This work 
CpRu(s,h4-C4HsynPh4) b 6.43 – 246.0 100a,b 
[CpRu(s,h4-C(H)C(CH2)3CC(Hsyn)PMe3)]PF6 c 5.27 – 236.5 101a 
[CpRu(s,h4-C(H)C(CH2)3CC(Hsyn)PPh3)]PF6 d 6.04 – 239.2 101a 
[CpRu(s,h4-C(H)C(CH2)3CC(Hsyn)P(C6H11)3)]PF6 e 4.81 – 236.2 101a 
[CpRu(s,h4-C(Ph)C(H)C(Ph)C(Hsyn)PMe3)]PF6 d 5.29 – 248.5 101a 
[CpRu(s,h4-C(C6H9)C(H)C(C6H9)C(Hsyn)PMe3)]PF6 d 4.88 – 252.2 101a 
[CpRu(s,h4-C(n-Bu)C(H)C(n-Bu)C(Hsyn)PMe3)]PF6 f 4.95 – 267.5 101a 
[CpRu(s,h4-C(H)C(H)C(H)C(Hsyn)PMe3)]PF6 d 5.07 – 246.1 101a 
[Cp*Ru(s,h4-C(CO2Me)C(H)C(CO2Me)C(Hsyn)PEt3)]PF6 f 4.98 – 227.1 101b 
[Cp*Ru(s,h4-C(n-Bu)C(H)C(n-Bu)C(Hsyn)PEt3)]PF6 f 3.89 – 256.3 101b 
[Cp*Ru(s,h4-C(H)C(CH2)3CC(Hsyn)PEt3)]PF6 f 4.29 – 227.1 101b 
CpRe(s,h4-C4HsynPh4)Br g 5.40 – 234.9 104 
[CpRe(s,h4-C(Ph)C(Ph)C(H)C(Hsyn)C6H4PPh2-o)]BF4 6.81 – 252.9 105a 
[CpRe(s,h4-C(Ph)C(Me)C(H)C(Hsyn)C6H4PPh2-o)]BF4 6.55 – 257.7 105a 
[Mo(s,h4-C4HsynPh4)(S2CNEt2)2]BF4 h 4.71 – 279.8 103 
[W(s,h4-C4HsynPh4)(S2CNEt2)2]BF4 i 4.14 – 270.0 103 
[Mo(s,h4-C(Ph)C(H)C(Ph)CH2)(S2CNEt2)2]BF4 i 4.58 – 272.2 103 
(O)W(s,h4-C4HsynPh4)(S2CNEt2)2 i 5.77 – 271.8 103 
[CpCo(s,h4-C4HantiMe4)]CF3CO2, (28)CF3CO2 3.13 2.37 288.4 This work 
(O)W(s,h4-C4HantiPh4)(S2CNEt2)2 i 4.05 – 266.5 103 
(S)W(s,h4-C4HantiPh4)(S2CNEt2)2 4.09 – 267.5 109 
Tp*NbCl(s,h4-C(Ph)C(Ph)C(H)C(Hanti)CH3) j 1.75 2.37 235.7 108 
Tp*NbCl(s,h4-C(Ph)C(CH3)C(H)C(Hanti)CH3) j 1.62 2.42 240.0 108 
[(h5-C9H7)Mo(s,h4-C4HantiMe4)(PMe3)Br]BF4 2.36 1.18 298.1 102a 
[CpMo(s,h4-C4HantiMe4)Br(NCMe)]BF4 d 2.29 2.04 297.3 102c 
CpMo(s,h4-C4HantiMe4)Cl2 1.90 2.03 291.3 102c 
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Table 5. 1H (4-H, 4-Me) and 13C (C-1) chemical shifts of known s,h4-butadienyl complexes a 
(Continued) 
 
a chemical shifts in ppm, solvent CD2Cl2 if not specified otherwise; b 1H in C6D6, 13C in C6D5CD3; c 
1H in CD3NO2, 13C in (CD3)2CO; d CD3NO2; e 1H in CD3NO2, 13C in (CD3)2CO; f in (CD3)2CO; g 
transoid-s,h4-butadienyl complex; h 13C in CDCl3; i in CDCl3; j in C6D6; k PMe3 trans to Mo=C bond, 
13C in CD3NO2; l NA – not assigned; m PMe3 cis to Mo=C bond, 13C in CD3NO2; n PMe3 trans to 
Mo=C bond. 
 
The syn position of the terminal proton 4-H in 19+ was deduced from the lower 1H chemical 
shift relative to shifts observed for s,h4-butadienyl complexes with the 4-H proton in anti position. 
The chemical shift of the methyl group at the end of the butadienyl chain (4-Me) is the highest so far 
observed for complexes of this type and is in agreement with the assigned stereochemistry. Complete 
and unambiguous assignments of chemical shifts within the butadienyl moiety in 19+ were obtained 
[CpMo(s,h4-C4HantiMe4)Br{P(OMe)3}]BF4 d 2.65 2.17 305.5 102c 
[CpMo(s,h4-C4HantiMe4)Cl{P(OMe)3}]BF4 2.65 2.10 305.2 102c 
[CpMo(s,h4-C4HantiMe4)Cl(PMe3)]BF4 k 2.41 2.12 297.9 102c 
CpMo(s,h4-C4HantiMe4)Br2 NA 
l NA 292.6 102c 
[CpMo(s,h4-C4HantiMe4)Cl(OH2)]BF4 d NA NA 306.6 102c 
[CpMo(s,h4-C4HantiMe4)Cl(PMe3)]BF4 m NA NA 294.8 102c 
[CpMo(s,h4-C4HantiEt4)I(NCMe)]BF4 d 2.27 – 301.3 102c 
CpMo(s,h4-C4HantiEt4)Cl2 1.96 – 294.3 102c 
CpMo(s,h4-C4HantiEt4)Br2 2.09 – 295.3 102c 
CpMo(s,h4-C4HantiEt4)I2 2.25 – 295.5 102c 
[CpMo(s,h4-C4HantiEt4)Br{P(OMe)3}]BF4 3.31 – 307.2 102c 
[CpMo(s,h4-C4HantiEt4)Br(PMe3)]BF4 n NA – 297.8 102c 
[CpMo(s,h4-C4HantiEt4)Br(PMe3)]BF4 NA – 299.1 102c 
[CpMo(s,h4-C4HantiEt4)Cl(OH2)]BF4 d NA – 303.8 102c 
[CpMo(s,h4-C4HantiEt4)Br(OH2)]BF4 NA – 298.4 102c 
[CpMo(s,h4-C4HantiEt4)I(OH2)]BF4 d NA – 302.2 102c 
CpMo(s,h4-C4HantiEt4)BrI NA – 296.8 102c 
CpMo(s,h4-C4HantiEt4)ClI NA – 297.8 102c 
[CpMo(s,h4-C4HantiEt4)Br(NCMe)]BF4 NA – 297.4 102c 
W(h4-C4HantiPh4)(C2Ph2)2(CH3CN) i NA – 250.2 107 
CpRu(s,h4-C4Ph4(CHO)syn) d – – 255.2 100b 
[Cp*Ru(s,h4-C(p-BrPh)C(H)C(H)C(p-BrPhsyn)PO(OMe)2)]Cl – – – 101c 
[Cp*Ru(s,h4-C(Ph)C(H)C(H)C(Phsyn)PMe3)]Cl i – – 240.0 101c 
[Cp*Ru(s,h4-C(Ph)C(H)C(H)C(Phsyn)PMe3)]Cl i – – 237.1 101c 
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utilizing HMBC and HETCOR NMR techniques. From NMR spectroscopy it follows that exclusively 
the syn isomer of (19+) was formed in the protonation of 18. 
In the synthetic version of the experiment the sandwich complex 18 was treated with an 
excess of HBF4 in Et2O at –50 °C. Workup by precipitation with ether and purification by several 
reprecipitations from CH2Cl2/THF and finally from CH2Cl2/Et2O gave the salt (19)BF4 free of excess 
acid and in high yield. 
 
 
2.3.2 Structure of [CpCo(s,h4-C4HsynMe4)]BF4 [(19)BF4] 
 
The precise molecular geometry of (19)BF4 was elucidated by single-crystal X-ray 
crystallography and is illustrated in Figure 4. Selected bond distances and angles are listed in Table 6. 
Crystals suitable for structure determination were obtained as black cubes by crystallization from a 
CH2Cl2/Et2O mixture. Compound (19)BF4 crystallizes in the monoclinic space group P21/c with Z = 
4. 
 
Figure 4. Structure of the cation 19+ (PLATON 
plot[165] at the 30% probability level) in the crystal 
of (19)BF4. Hydrogen atoms are not displayed. 
 
The structure of 19+ exhibits a four-carbon chain bound to cobalt with three similar C–C 
distances. One particularly short interatomic distance between Co and the terminal atom C1 [1.792(6) 
Å] is assigned the bond to a carbenoid carbon atom, Co=C. The remaining three carbons of the 
Table 6. Selected structural parameters of 
(19)BF4. 
 
Bond distances (Å) 
Co–C1 1.792(6) C1–C2 1.390(7) 
Co–C2 2.079(6) C2–C3 1.415(8) 
Co–C3 2.006(5) C3–C4 1.405(8) 
Co–C4 2.076(5) Co–C(Cp) 2.030(7) av 
Angles (°) 
C1–C2–C3–C4 22 
C5–C4–C3–C2 40 
C2–C1–C8 133.5(5) 
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butadienyl chain have Co–C2, Co–C3, Co–C4 distances of 2.079(6), 2.006(5), 2.076(5) respectively, 
which are appropriate for an h3-allyl system. The butadienyl chain subtends a dihedral angle of 22°. 
For other crystallographically characterized s,h4-butadienyl complexes values of the dihedral angle 
were found in the range from 15.9° to 16.6°.[100a,101a,102,103,105,106a,b,d,107-109] The greater value of the 
dihedral angle in 19+ results from a relatively long Co–C4 distance, which in turn depends on the 
amount of back-bonding from cobalt. Since cation 19+ represents the first 3d metal s,h4-butadienyl 
complex it is reasonable to expect weaker back-bonding compared to 4d and 5d analogs. In 
rhenium,[105a] tungsten,[103,106a,106d,109,107] and niobium[108] complexes, where small values of the 
dihedral angle were found, X-ray data show a metal-carbon single bond to C4 (in chemical notation 
C-4) and therefore require a major contribution from resonance structure A (Scheme 32). Other 
resonance forms such as  B, C, D can be drawn  to represent the bonding  situation in s,h4-butadienyl 
 
 
Scheme 32. 
 
metal complexes. Clearly one might expect variations in the bonding mode of the s,h4-butadienyl 
ligand with the environment of the metal as it is reflected in chemical shift of C-4 and in JCH in the 
13C NMR spectra. A shift to higher field and a decrease of JCH would indicate greater sp3 character of 
carbon C-4 and thus a contribution from resonance structure A.[101a,100a] In the 13C NMR spectrum of 
19+ the signals assigned to carbons C-4, C-3, C-2 display a pattern (85.4 ppm, 119.5 ppm, 100.9 ppm) 
appropriate for an h3-allyl system coordinated to cobalt, the signal corresponding to C-3 being at 
lower field than signals of C-4 and C-2 implying the contribution from resonance form B (allyl 
carbene). Nevertheless, in view of a near-planar butadienyl chain and a short C1–C2 distance 
[1.390(7) Å] the allyl p-system can interact with the Co=C1 bond, thus suggesting significant 
contribution from a resonance structure D. The structure determination also confirmed the anti 
position of the methyl group at C-4, which is bent away from the butadienyl plane. This is manifested 
by the torsion angle C5–C4–C3–C2 which amounts to 40° and is obviously enforced by a repulsive 
interaction between the methyl group and cobalt. 
Interestingly, Green et al. have observed an unusual transoid bonding mode for a s,h4-
butadienyl ligand, featuring a ”bent” rhenium to carbon bond and a large torsion angle (110.8°).[104] 
M M M M
A B C D
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2.3.3 Stereochemistry of the Ring-opening Process 
 
A number of reports on ring-opening reactions of cyclobutadiene and cyclobutenyl ligands 
coordinated to transition metals have appeared in the literature.  
At first, ring-opening of an iron cyclobutadiene complex was described by Giering in 1974[110] 
(Scheme 33). The structure of the dinuclear s-butadiene complex was determined by X-ray 
crystallography and showed trans configuration at both ends of the carbon chain, hence the reaction 
proceeded in a conrotatory manner. 
 
Scheme 33. 
 
The opening of a cyclobutenyl complex has been demonstrated by Powell et al. for the endo-
alkoxytetraphenylcyclobutenylpalladium b-diketonate complex to yield a s-butadienyl complex.[111a] 
The ring-opening occurs stereospecifically conrotatory. Tailor and Maitlis showed that ring-opening 
of other cyclobutenyl complexes [Pd(h3-C4To4Ph)X] (To = 4-MeC6H4; X = acac, S2CNR2) in 
reactions with donor ligands (in particular, PPhMe2) proceeded stereospecifically in the same manner 
and resulted in the s,h2-butadienyl complexes [Pd(h3-C4To4Ph)X(PPhMe2)].[111b] In contrast [Pd(h3-
C4To4Ph)(S2CNR2)] underwent a spontaneous ring-opening to give a mixture of the structurally 
characterized[111c] conrotatory ring opened s,h2-butadienyl [Pd(s,h2-C4To4Phsyn)(S2CNR2)] and the 
unexpected, formally disrotatory formed isomer [Pd(s,h2-C4To4Phanti)(S2CNR2)]. The anti isomer 
arises from a s-cyclobutenyl intermediate by a disrotatory mechanism which, if concerted, should 
only be photochemically allowed. However photochemical processes as well as radical processes 
were excluded using several tests. The authors proposed an alternative explanation which involves a 
rearrangement of the syn isomer to the anti isomer via a metallocyclopentenyl intermediate.[111b] 
Reaction of [CpRu(MeCN)(h4-C4Ph4)]BF4 with hydride afforded the first h4(5e)-butadienyl 
complex with the hydrogen at C-4 in syn position as the only isomer.[100b] Deuterium labeling 
experiments proved that the initial exo-attack by ”D–” at the cyclopentadienyl ring is followed by 
endo-hydrogen transfer from the resulting h4-C5H5D ligand to the metal and further to the 
cyclobutadiene counterligand. Ring-opening of an h3-cyclobutenyl intermediate A (Scheme 34, M = 
Ru, R = Ph) generated from endo-attack at cyclobutadiene was invoked to explain the stereochemistry  
(CO)2CpFe
FeCp(CO)2
(CO)2CpFe FeCp(CO)2
2 2
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Scheme 34. 
 
of the product. Green suggested[100b] that the direct precursor of the s,h4-butadienyl complex D is a 
16-electron s,h2-butadienyl complex C formed by a conrotatory ring-opening. Geometrical and 
electronic redistribution rendering the butadienyl fragment a 5-electron ligand then lifts the 
unsaturation at the metal. It is interesting to mention that chloro complexes of type B and C were 
proposed by Maitlis[112] as the intermediates in the reverse process, the Pd2+ induced cyclization of 
alkynes to yield cyclobutadiene complexes.  
From the above mentioned examples it appears that the rules governing the stereochemistry of 
the ring-opening are similar for organometallic complexes as for electrocyclic reactions of carbon 
compounds and can be applied to explain the stereochemistry of 19+.  
According to Scheme 34 (M = Co, R = Me) formation of the s,h4-butadienyl complex 19+ 
with the terminal methyl group in anti position if formed through the thermally allowed conrotatory 
ring-opening requires endo attack of H+ at the cyclobutadiene ring. To explain the stereoselectivity 
two points require consideration. First, protonation from the exo side of the cyclobutadiene ring with 
successive conrotatory ring-opening would lead to a different isomer of 19+, i.e. the butadienyl 
complex with the terminal methyl group in syn position. Second, equilibration of the intermediates 
formed in the exo and endo reaction paths could occur, thus resulting in a mixture of isomers with the 
methyl group in syn or anti position. In order to gain insight into this interesting problem the 
protonation of 18 and ensuing ring-opening reaction was investigated by Kirchner in collaboration 
with this laboratory by means of a DFT/B3LYP study.[113] The monomethyl compound CpCo(h4-
C4H3Me) (A) was used as model complex (Figure 5). Protonation from the endo side of the 
cyclobutadiene ligand (route a) produces a cyclobutenyl intermediate Ba with a stabilizing agostic C-
Hendo··Co interaction. While an agostic primary intermediate of this type has not been observed 
experimentally in the protonation of 18, a cyclobutenyl complex of this type was prepared and 
characterized in the protonation of cyclobutadieneiron tricarbonyl in a strongly acidic medium at low 
temperature by G. A. Olah et al.[114] Ring-opening via the transition state TSa then gives the s,h4-
butadienyl complex Ca with an anti terminal methyl group. Protonation of the cyclobutadiene ligand 
from the exo side (route b) would proceed via intermediate Bb which features only a weak agostic 
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CH2-Hendo··Co bond and thus is 4.6 kcal/mol higher in energy. In both cases protonation of A requires 
bending of the methyl group out of the cyclobutadiene plane. Bending toward the endo side was 
calculated to require almost twice as much energy than bending away from the metal. In a highly 
acidic medium deprotonation of Ba is suppressed, and product formation takes place via TSa 
although the transition state TSb is lower by 2.4 kcal/mol in energy. 
 
 
Figure 5. Optimized geometries (bond lengths are in Å) for A, Ba, Ca, TSBCa, Bb, Cb, and TSBCb, and 
relative energies(kcal/mol), calculated at the B3LYP (Co sdd; C, H, 6-31g**) level of theory.[113] 
 
Thus the experimentally observed formation of 19+ with 100% stereoselectivity as 
contrathermodynamic stereoisomer can be understood as the consequence of three features: 1) the 
preferential protonation from the endo side, 2) the high proton activity in the reaction mixture, and 3) 
the stereocontrol of the ring-opening step. 
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2.4 Thermal Rearrangement of [CpCo(s,h4-C4HsynMe4)]+ (19+) with Formation of a Half-
open Cobaltocenium Ion [CpCo(h5-C5H4Me3)]+ (21+) 
 
 
2.4.1 NMR Spectroscopic Observation of the Rearrangement and Deuteration Experiment 
 
While exploring the protonation of 18 it was observed that the initially formed s,h4-
butadienyl complex cation 19+ underwent a further transformation above –10 °C as was evident from 
the 1H NMR spectra. Clear spectra exhibiting one sharp singlet at 5.35 ppm of high intensity and a 
methyl region reminiscent of the one observed for 19+ suggested formation of a single new complex 
and encouraged detailed investigations. A characteristic feature in the proton spectra is an AMX 
pattern indicating the presence of a vinyl group CH2=CH– [Figure 6 (bottom)]. The signals 
corresponding to the terminal protons of the vinyl unit were found at rather high field and are 
separated by ca. 1.8 ppm, which is comparable to the difference seen for syn and anti positions of p-
allyl and p-butadiene ligands coordinated to a metal.[115] The protons in anti position appear at higher 
field because of shielding by the metal.[116a] The doublet of doublets at 2.17 ppm is therefore assigned 
to the proton in the anti position; the second doublet of doublets (d = 3.93) is assigned to the proton in 
the syn position. The Hx proton obviously also displays a doublet of doublets at 5.43 ppm but since it 
is superimposed by the Cp signal at 5.35 ppm it is not well resolved. However, it could 
unambiguously be localized in the HETCOR spectrum. A crosspeak was observed (13C d = 93.4; 1H 
d = 5.4) for a carbon, which was assigned to a CH (C-2) carbon according to the APT spectrum. The 
geminal proton-proton spin coupling constant (2J1syn,1anti = 3.66 Hz) is somewhat higher than the usual 
value for olefins (butadiene 2J1,2 = 1.74 Hz, ethylene 2J1,2 = 2.5 Hz),[117a] pointing to partial sp2 " sp3 
rehybridization of the terminal carbon. Another noteworthy feature is the shift of the quartet due to 
the CHMe hydrogen from 6.49 ppm in 19+ to 1.43 ppm in the new complex, indicating that this 
proton is now in an anti position. The 13C{1H} NMR lacks the low field signal characteristic of a 
carbenoid carbon and, according to the APT data, displays one CH2 (C-1) carbon assigned to the 
terminal carbon of the vinyl group, two CH (C-2 and C-5) carbons assigned by HETCOR and two 
quaternary carbons (C-3 and C-4) assigned by the HMBC spectrum. All signals have the shifts 
appropriate for metal coordinated sp2 carbon atoms. Three high field signals were unequivocally 
assigned to methyl groups by HMBC and one signal at 88.6 ppm with high intensity corresponded to 
the Cp ring. The NMR spectra lead to the conclusion that the new complex must contain an h5-
pentadienyl ligand. Comparison of the 13C{1H} NMR spectrum of the new compound with that of a 
half-open cobaltocenium complex ion ([(cyclopentadienyl)(h5-2,4-dimethylpentadienyl)cobalt]+)
 
Figure 6. 1H NMR spectra of (22)CF3CO2 (top) and (21)BF4 (bottom). * denotes solvent (CHDCl2). 
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prepared by R. D. Ernst[118] showed remarkable similarity, thus supporting our proposition. Hence, 
the thermal reaction of 19+ is a rearrangement of the s,h4(5e)-butadienyl to an h5(5e)-pentadienyl 
ligand to yield the new [(cyclopentadienyl){h5-(2Z,3Z,4E)-3,4-dimethylhexa-2,4-dienyl}cobalt] 
cation, a half-open cobaltocenium ion 21+ (Scheme 35). 
 
Scheme 35. 
 
The vicinal trans coupling constant for the vinyl group in 21+ is reduced from the value 
typical for planar olefins (cf. butadiene 3Jtrans = 17.05 Hz[117a]) to 12.1 Hz., which, according to the 
Karplus-Conroy relation,[117a] is traced back to partial sp2 " sp3 rehybridization of the terminal 
carbon atom. Similar values of geminal and vicinal coupling constants (2J1,2 = 3–4 Hz, 3Jcis = 9–10 
Hz, 3Jtrans = 11.5–13 Hz) were found for (h5-dienyl)iron tricarbonyl cations.[119] 
A clean transformation 19+ " 21+ was observed in the absence of acid, indicating that no 
extra protons are required for this rearrangement. To substantiate the mechanism of this 
rearrangement the carbenoid complex 20+ was generated in reaction of 18 with CF3CO2D (Scheme 
36). Warming the reaction mixture rearranged  20+  to  22+. The 1H NMR spectra of 22+ now lacks the  
 
Scheme 36. 
 
Hx signal at 5.43 ppm [Figure 6 (top)] as evidenced by the disappearance of the trans/cis vicinal 
couplings (3J1anti,2 = 12.1 Hz, 3J1syn,2 = 10.1 Hz) for the terminal vinyl protons indicating a deutero-
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vinyl group CH2=CD–. Furthermore, a signal at 5.50 ppm was observed in the 2H{1H} NMR [61.39 
MHz, (CD3)2CO)] spectrum which was assigned to the deuterium attached to C-2 in 22+. These 
results unequivocally substantiate the rearrangement mechanism for the conversion 20+ " 22+ 
(Scheme 36) and consequently for 19+ " 21+, i.e. a 1,5-hydrogen shift from the anti methyl group 
(C-5) to the carbenoid carbon atom (C-1, which becomes C-5 in 21+). 
 
2.4.2 Kinetics of the Rearrangement 
 
The rearrangement of 19+ was followed by 1H NMR spectroscopy. The integration of the 2-
Me signal in 19+ (d = 1.85) and the 4-Me signal in 21+ (d = 2.28) was used to follow the 
transformation 19+ " 21+ as a function of time. The logarithm ln(1+([21+]/[19+])) as a function of 
time is plotted in Figure 7.  
 
  
Figure 7. Dependence of ln(1+([21+]/[19+])) on the reaction time. 
 
Linear dependence of ln(1+([21+]/[19+])) on the reaction time confirmed first order kinetics for this 
reaction. Regression analysis with MicrocalTM OriginTM[120a] led to a rate constant of k1 = 1.6´10–4 s–1 
at 22.5 °C and thence by use of the Eyring equation[117b] to a free energy of activation of DG# = 94 
kJ/mol at this temperature. 
 
 
0.0 4.0x103 8.0x103 1.2x104 1.6x104 2.0x104
0.0
0.5
1.0
1.5
2.0
2.5
3.0
ln
(1
+(
[2
1+
]/[
19
+ ]
))
Time (s)
 51 
2.4.3 Mechanistic Conclusions 
 
The rearrangement of the butadienyl complex cation 19+ into the half-open cobaltocenium ion 
21+ is a remarkable feature showing that cation 19+ is a highly reactive species. A related reaction 
was observed by Green[121] for a cationic tetraphenylcyclobutadiene complex of ruthenium which 
underwent ring-opening when attacked by hydroxide. Formation of the h5(5e)-butadienolato complex 
was explained assuming an initially formed butadienyl complex possessing a hydroxo group in anti 
position which underwent intramolecular protolysis at the carbenoid carbon, a reaction that can be 
viewed as a 1,5-hydrogen shift. Although the product was fully characterized no studies were 
undertaken to reveal the mechanism. In the present work conclusive data were obtained which allows 
to provide a reliable mechanistic rationale for the transformation 19+ " 21+. Our kinetics study 
revealed a first order reaction thus confirming the intramolecular course of the reaction. The 
deuteration experiment with 19+ deuterated in position 4 confirmed the rearrangement as the 1,5-
hydrogen shift from the methyl group C-5 to the carbenoid carbon C-1. This 1,5-hydrogen shift 
leading from 19+ to 21+ is in essence a C–H activation at the anti methyl group. The moderate free 
enthalpy of activation for this process indicates strong metal assistance for the cleavage of the C–H 
bond which is then followed by transfer of the metal bound hydrogen to the carbenoid carbon C-1.  
This rearrangement can be viewed in analogy to the 1,2-hydrogen shift of Fischer-type 
carbene complexes bearing b-hydrogens to yield olefin complexes.[122] In the present case a 1,5-shift 
rather than a 1,2-shift brings about partial saturation of the carbenoid carbon atom with concomitant 
extension of the olefinic carbon chain. 
 
2.4.4 Preparation of (21)BF4 
 
Addition of HBF4 in Et2O to a solution of complex 18 in CH2Cl2 at –40 °C followed by very 
slow warming of the dark red reaction mixture to ambient temperature resulted in a light red solution. 
The crude product was precipitated from the concentrated solution by ether and purified by a 
combination of filtration through alumina and recrystallization to give the analytically pure half-open 
cobaltocenium salt (21)BF4 as brick red crystals. Interestingly, (21)BF4 can be obtained from (19)BF4 
in the solid phase. Keeping a Schlenk tube with a dry powder of the carbenoid complex (19)BF4 at 
ambient temperature for three days resulted in a color change from brown to orange. Crystalline 
(19)BF4 thereby lost its crystallinity. The product dissolved readily in methylene chloride to give a 
transparent red solution. The 1H NMR (200 MHz, CD2Cl2) spectrum showed (21)BF4 as the sole 
reaction product. 
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2.4.5 Reactions of (21)BF4 with Hydride Donors 
 
Next the half-open cobaltocenium complex (21)BF4 was treated with hydride donors. The 
Green-Davies-Mingos rules[123,124a,125a] predict hydride attack at one of the termini of the (2Z,3Z,4E)-
3,4-dimethylhexa-2,4-dienyl ligand present in (21)BF4. Furthermore, nucleophilic attack on complex 
cations with a pentadienyl-type cisoid ligand can produce a cis-diene complexes with retained 
configuration at the termini or a trans-diene complexes with inverted configuration at the termini. 
The structure of the product obtained depends on the nature of the nucleophile. Thus, reaction of 
pentadienyl-type iron tricarbonyl cations with water[119a,126a] or alcohols[119a,126b] proceed with total 
inversion of configuration, while organocadmium reagents react to form products with retained 
configuration.[126c] Reaction with various amines produced complexes with a cis or trans diene ligand 
depending on the basicity of the amines.[126d] 
 Mixing (21)BF4 with NaBH4 in a two phase system (water/hexane) produced a red neutral 
complex which was transferred to the hexane phase. Formation of some colored, insoluble precipitate 
was attributed to reductive decomposition. Workup by phase separation, drying, and removal of the 
hexane afforded a red oil. Examination of the 1H NMR spectrum (200 MHz, CD2Cl2) revealed a 
multitude of resonances spanning the ”methyl” region of 0–3 ppm, along with several singlets in the 
”Cp” region (4–5 ppm) suggesting that isomeric CpCo(h4-diene) complexes were present in the 
mixture. A similar low selectivity had been observed in the reaction of NaBH4 with (pentadienyl)iron 
tricarbonyl cations[119a,126a] where in some cases all four possible isomers were formed. Since the 
reaction of (21)BF4 with NaBH4 produced a mixture of isomers the more selective hydride donor 
AlHBu
i
2 (DIBALH) was utilized, which in addition is less prone to give reductive decomposition. 
Stirring a mixture of (21)BF4 and DIBALH slurried in hexane resulted in a red solution. After all 
solid had dissolved, the product was chromatographed on alumina using hexane as eluent. Removal 
of the volatiles left a red oily material. The 1H NMR (200 MHz, CD2Cl2) spectrum of the product 
displayed a clear picture consisting of a doublet/quadruplet pattern with a coupling constant of 6.35 
Hz, one singlet at 2.06 ppm and one singlet at 4.44 ppm, which was readily assigned to the Cp ring 
protons of a new species. The number of signals suggested that a diene complex had formed as a 
single isomer, and also that this complex possessed lateral symmetry. The anti position of the 
terminal protons 2-H/5-H was anticipated from their chemical shift to high field by virtue of shielding 
by the metal.[116a] Thus, reaction of (21)BF4 with DIBALH produced the symmetrical complex 
CpCo(h4-3,4-dimethylhexa-2,4-diene) (23) with both terminal methyl groups in syn position (Scheme 
37). Remarkably, the single product isomer had the inverted configuration at the end of the butadiene 
chain.  
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Scheme 37. 
 
Note, that this product (23) can not be formed via simple nucleophilic attack at one of the 
termini of the hexadienyl ligand as predicted by the Green-Davies-Mingos rules. The question how 
this inversion proceeds requires a consideration of some properties of pentadienyl and allyl ligands. It 
is well established that pentadienyl ligands, in contrast to the Cp ligand, are able to shuttle back and 
forth easily between the h1, h3 and h5 structures.[125b,127] Two possible isomeric h3 forms of cation 
21+ are presented in  Scheme 38.  Form B is expected to be more favorable.  Preference for h3 form B  
 
Scheme 38. 
 
over another possible h3 form A can be rationalized on the basis that it contained the most substituted 
alkene and the least sterically crowded p-allyl system. This interconversion in the bonding mode can 
be promoted in the reaction of the half-open cobaltocenium complex cation 21+ with DIBALH, 
because open coordination sites can be occupied by hydride, thus providing stabilization for 
unsaturated intermediates. Attack of hydride ion at the cobalt atom in the h3 form B produces a vinyl-
p-allyl hydride complex with the (1–3h)-(2Z,3Z,4E)-3,4-dimethylhexadienyl ligand (Scheme 39). 
Such allyl hydride species are presumed intermediates in olefin isomerization process.[124b,125c] We 
further propose that syn-anti isomerization[124c,125d] occurs within the allyl functionality of the 
resulting allyl hydride complex to interchange methyl and vinyl groups in the resulting vinyl-p-allyl 
hydride  complex.  This  isomerization  will  be  favored  on  steric  reasons  due to  the bulk  factor of  
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Scheme 39. 
 
DIBALH. Reductive elimination and concomitant coordination of the uncoordinated double bond 
lead to the observed product 23. It is worthwhile to mention results of Reeves et al.[128] They showed 
that in reactions of cis-pentadienyl tricarbonyliron cations with bulky hydride donors reagents like 
LiBHEt3 displayed great preference for products possessing an inverted configuration.  
A similar mechanism was proposed by R. Pettit and J. E. Mahler[119a] for the formation of 
cisoid (pentadienyl)iron cations from trans alcohol complexes and vice versa. A vinyl-p-allyliron 
tricarbonyl cation was suggested as an intermediate. Coordination of a molecule of solvent to the iron 
atom was supposed to occur in order to maintain the inert gas configuration for the iron atom.  
Thus formation of the diene complex 23 can be rationalized through three steps: i) h5 to h3 
transformation of the bonding mode to give the more favorable h3 form B (Scheme 38), ii) hydride 
addition to give a vinyl-p-allyl hydride intermediate, and iii) syn-anti isomerization of the allyl 
functionality. 
 
 
2.5 Reactions of [CpCo(s,h4-C4HsynMe4)]+ (19+) with Nucleophiles 
 
 
2.5.1 Reaction with CNtBu and Formation of [CpCo{h5-C5Me4(NHtBu)}]Tf [(24)CF3SO3] 
 
Addition of tert-butylisocyanide to a solution of the carbenoid complex (19)CF3SO3 
(generated in situ in from 18 and CF3SO3H) at –35 ºC resulted in an immediate colour change from 
dark red to yellow and produced the (tert-butylamino)cobaltocenium derivative (24)CF3SO3 (Scheme 
40). The new cobaltocenium ion was readily identified by its simple and symmetric NMR spectrum. 
Thus three signals in the proton spectrum at 1.19, 2.04 and 2.13 ppm in the ratio 3:2:2 were assigned 
to tert-butyl and two types of methyl groups and suggested effective lateral symmetry for the cation. 
Co HCo HCo H Co
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A broad signal of low intensity at 3.8 ppm and a singlet at 5.11 ppm were attributed to NH and Cp 
groups respectively. Notably, the 1H NMR spectrum of 24+ is reminiscent of the one for the close 
analogue [CpCoC5H4(NHtBu)]+[129] and differs only by two extra singlets present in the methyl 
region. The 13C NMR of the new product is in accordance with the proposed structure. 
 
 
Scheme 40. 
 
Previously monosubstituted aminocobaltocenium salts were prepared by a four step synthesis 
starting from methylcobaltocenium[130] or via protonation of h5-cyclopentadienyl-h4-
iminocyclopentadienecobalt complexes, prepared from isocyanides and cobaltacyclopentadienes, to 
give the corresponding aminocobaltocenium derivatives in good yields.[129] 
Mechanistically, the transformation 19+ " 24+ is thought to involve three steps (Scheme 41): 
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i) nucleophilic addition of tert-butylisocyanide to the carbenoid carbon to form a nitrilium 
intermediate, ii) electrophilic attack of the nitrilium carbon at the opposite end of the five carbon 
chain, being in essence an electrocyclic ring-closure, and iii) subsequent proton migration to give the 
aminocobaltocenium cation 24+. 
 
2.5.2 Deprotonation by Et3N and Formation of CpCo[h4-C4HsynMe3(CH2)] (25) 
 
 Since the new s,h4-butadienyl complex cation 19+ is formed by protonation of sandwich 
complex 18, it was interesting to explore the reverse reaction – deprotonation. The positive charge at 
the carbenoid carbon in Fischer carbene complexes manifests itself by a high acidity of the hydrogen 
atoms at the b-carbon atom.[116b,124d] Recently Kirchner and coworkers reported deprotonation of the 
methyl group at the a-carbon in butadienyl carbene complexes.[131] We found that reaction of excess 
Et3N with (19)BF4 in CD2Cl2 at –50 °C (NMR experiment) lead to an immediate color change of the 
reaction mixture and formation of a new neutral complex. Examination of the 1H NMR spectra 
showed a methyl region similar to that of 19+, although the number of signals suggested that only 
three methyl groups were present in the new complex. Instead of one methyl group two doublets 
appeared at low field (d = 4.72, 4.95, J = 2.14 Hz) each with a relative intensity of one. The observed 
proton-proton spin coupling constant is in the range typical for a =CH2 group.[132] In general olefin 
metal complexes display large coordination shifts for 1H and 13C nuclei.[124e] Terminal hydrogen 
atoms of a coordinated olefin can resonate 5 ppm to high field of their position in the free 
ligand.[125e,133] The observed pair of doublets is therefore readily attributed to vinyl protons of an 
uncoordinated double bond. The relative positions of the chemical shifts corresponding to the 
terminal proton 5-H (d = 3.37, q, J = 7.02 Hz) and the methyl group (d = 0.47, d, J = 7.02 Hz) 
coupled to it are similar to those of 19+ indicating retention of stereochemistry. On the basis of these 
1H NMR observations we concluded that reaction of 19+ with Et3N resulted in deprotonation of the 
methyl group at the carbenoid carbon and assigned an (2–5h)-(3Z,4Z)-3,4-dimethylhexa-1,2,4-
triene structure to the new species 25 (Scheme 42). 
Workup by precipitation of the ammonium salt with hexane and filtration through a short plug 
of alumina gave a spectroscopically pure sample of an orange-red crystalline solid with low melting 
point. Compound 25 is readily soluble in most organic solvents and relatively air stable as a solid. 
This result is in agreement with previous findings of Green et al. that the methyl group 
adjacent to the carbenoid carbon in s,h4-butadienyl complexes can be regioselectively deprotonated 
to give complexes with a (2–5h)-penta-1,2,4-triene-type ligand.[102] Other basic reagents may also 
effect deprotonation of this methyl group in 19+, e.g. reaction with allylmagnesium chloride afforded  
 57 
 
Scheme 42. 
 
the hexatriene complex 25 in 81% yield. Complex 25 was also observed as the main product in the 
reaction of 19+ with [Et4N]CN in CD2Cl2 (NMR experiment), using cyanide as a strong base. 
This type of (2–5h)-penta-1,2,4-triene complexes (also known as h4-vinylallene complexes) 
have been prepared by: i) irradiation of an allenic lactone in the presence of Fe(CO)5,[134] ii) reactions 
of vinylketenimine and vinylketene complexes with phosphonoacetate anions,[135] iii) photochemical 
reaction of Fe(CO)5 with vinylallenes,[133] vi) reaction of RhCl(PPh3)3 with vinylallenes.[136] Two 
special cases deserve mentioning in this context. Protonation of allylic complexes [WCp(CO)2{h3-
H2CC[C(CºCPh)2]CH2R}] afforded cationic h4-vinylallene complexes of tungsten,[137] and 1,4-
hydrogen migration in butadienyl carbene complexes resulted in formation of cationic h4-vinylallene 
complexes of ruthenium.[138] 
 The deprotonation of 19+ was studied in depth by 1H NMR spectroscopy. Three experiments 
were performed in order to elucidate the influence of reaction parameters i. e. temperature and 
concentration of Et3N. The reaction of (19)BF4 with triethylamine in 1:1 molar ratio at –80 °C led to a 
clean formation of 25 as monitored by 1H NMR at –80 °C. When the temperature was raised in steps 
of 10 K up to 20 °C and the 1H NMR spectra recorded at each step, no change was observed. After 
keeping the NMR tube overnight at ambient temperature the 1H NMR spectrum revealed the presence 
of the sandwich complex 18 in the reaction mixture. Subsequent spectra measured after one and three 
days showed a slow increase of 18 at the expense of 25. This observation suggested the reversible 
reaction of 25 presumably with ammonium salt to give 18 (Scheme 43). The transformation 25 " 18 
was accompanied with apparent decomposition which was seen by decrease of transparency of the 
solution and by deterioration of the quality of spectra. A further experiment reacting equimolar 
amounts of (19)BF4 and Et3N at ambient temperature resulted in a mixture of the two complexes 18 
and 25 in roughly equal amounts. The 1H NMR spectrum of this mixture, recorded after 16 hours, 
showed complete  disappearance of  25 and  after workup the contents of the  NMR tube  gave a  60%  
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Scheme 43. 
 
yield of 18 as a yellow crystalline material. Obviously clean formation of 25 requires low 
temperature. In a third experiment the effect of excess of amine was studied. Thus, to a solution of 
(19)BF4 in CD2Cl2 was added a five fold excess of Et3N at ambient temperature. The 1H NMR 
spectrum showed 25 and Et3N/[Et3NH]+ to be present. Subsequent spectra, recorded after prolonged 
periods of time, showed no changes, but slow deterioration of the spectrum quality. After five days no 
more signals could be identified and the reaction mixture was worked up to give a red oil. The 1H 
NMR spectrum of this oil showed the two complexes 18 and 25 in the ratio of 1:2. This and the 
previous experiment clearly showed that excess of amine decelerates the formation of the sandwich 
complex 18. 
 The observed reactivity pattern can be explained by considering the equilibria depicted in 
Scheme 44: reversible deprotonation of 19+, (equilibrium 19+ D 25 + H+), formation of a ring-closed 
protonation product (18H)+ and deprotonation of this latter to 18. Since in the one-to-one reaction at 
low temperatures 25 is seen as the sole product while at ambient temperature a mixture of two 
complexes, 18 and 25, is observed it is reasonable to conclude that 25 is kinetically controlled 
product. Formation of 18 obviously results from deprotonation of (18H)+ which is in equilibrium with 
the carbenoid complex 19+. The observation that 18 is formed from the mixture of 25 and 
Et3N/[Et3NH]+  with a complete disappearance of 25 after prolonged periods of time suggests that the 
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deprotonation of 19+ to give 25 is reversible. The reversibility of the deprotonation was confirmed by 
an independent experiment and will be discussed separately in subchapter 2.8.1. Thus, it appears that 
25 is protonated by the ammonium salt to give 19+, which can be further transformed to 18. It is clear 
that excess amine shifts the equilibrium 19+ D 25 + H+ towards the hexatriene complex 25 and 
suppresses the backwards protonation to give 19+. This is in line with the observation that an excess 
of amine decelerates the formation of 18. Since the system eventually ends in the cyclobutadiene 
complex as the only product, we may conclude that complex 18 is the thermodynamically controlled 
product. 
Deprotonation of the a-methyl group is a fast, one-step reaction, while formation of 18 
requires ring-closure prior to deprotonation if the principle of microscopic reversibility is adhered. 
This consideration accounts for the slower formation of 18 as compared to 25. Formation of 18 in the 
reaction of 19+ with triethylamine is remarkable since it indicates, for the first time, the possibility of 
a ring-closure of s,h4-butadienyl complexes to finally produce cyclobutadiene complexes. No h4-
cyclobutadiene complexes were observed when s,h4-butadienyl molybdenum derivatives reacted 
with bases.[102] Further studies on the ring-closure of s,h4-butadienyl complexes of different metals 
are necessary and may be quite rewarding. 
 
2.5.3 Structure of CpCo[h4-C4HsynMe3(CH2)] (25) 
 
A number of reports are available in the literature where (2–5h)-penta-1,2,4-triene 
(vinylallene) type complexes of molybdenum,[102c] iron,[133,134,135a] rhodium[136] and ruthenium[131] 
were structurally characterized. Since complex 25 represents the first cobalt complex of this type, an 
X-ray structure determination of 25 was undertaken. 
Crystals suitable for single crystal X-ray determination were obtained by slow sublimation of 
25 under vacuum at 40–50 °C for 48 hours. Compound 25 crystallizes in the orthorhombic space 
group P212121 with Z = 4. The molecular structure is illustrated in Figure 8 and selected bond 
parameters are listed in Table 7. 
The structure of 25 exhibits a four-carbon chain bound to Co. The chain subtends a dihedral 
angle of 9°. One interatomic distance, between Co and the atom C2, is noticeably shorter than the 
other three, a feature in common with other crystallographically characterized vinylallene 
complexes.[102c,133,134,135a,136] The remaining three distances from the carbon atoms C3, C4, C5 to the 
cobalt atom are similar and are characteristic of an h3-allylic system. 
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 Figure 8. Molecular structure of 25 in the 
crystal (PLATON plot[165] at the 30% 
probability level). Hydrogen atoms are not 
displayed. 
 
The structure shows a significant rehybridization from sp to sp2 of carbon atom C2, which is 
manifested by a C1–C2–C3 angle of 137.2° as compared to 180° in free 3,4-dimethylhexa-1,2,4-
triene and consistent with strong back-bonding from the cobalt into the allene p-system. Notably, the 
signal of C-2 (in crystallographic notation C2) is found at somewhat higher field (d = 175.6) in the 
13C NMR spectrum as compared to the signal for the central carbon atom of an allene, which is 
observed at 213.5 ppm.[132] Previously, an upfield shift of 50 ppm was observed upon complexation 
of a vinylallene to iron carbonyl and was explained as the result of back-bonding.[133] Population of 
the LUMO, which is antibonding with respect to C2–C3 and C4–C5 results in lengthening of these 
bonds which are now 1.449(9) Å and 1.438(11) Å, respectively, and are longer than C3–C4 
[1.408(11) Å]. Such an effect is well established for h4-butadiene complexes.[125f]  
The structure determination confirmed the anti position of the methyl group at C5 (in 
chemical notation C-5), which deviates from the plane of the four-carbon backbone C2–C3–C4–C5 
away from the metal with dihedral angle of 56°. As in the case of 19+, where the dihedral angle 
amounts to 40°, it is obviously a consequence of rehybridization augmented by a repulsive interaction 
between this methyl group and cobalt. Similarly, for [(1–4h)-(2E,3E)-trimethyl-(5-methyl-2-phenyl-
hexa-1,3,4-trienyl)silane]chloro(triphenylphosphine)rhodium, a complex with a (2–5h)-penta-1,2,4-
triene type ligand which has a substituent different from H in anti position at C-5, a value of 52.7° 
Table 7. Selected structural parameters of 25. 
Bond distances (Å) 
Co–C2 1.883(5) C1–C2 1.316(8) 
Co–C3 1.988(5) C2–C3 1.449(9) 
Co–C4 1.979(5) C3–C4 1.408(11) 
Co–C5 2.050(6) C4–C5 1.438(11) 
Co–C(Cp) 2.053(3) av   
Angles (°) 
C2–C3–C4–C5 9 
C3–C4–C5–C6 56 
C1–C2–C3 137.2(6) 
C4–C5–C6 126.3(6) 
C1–C2–C3–C4 33 
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was determined.[136] Notably, for the iron and rhodium complexes where substituents different from H 
at C-5 are in syn position, values in the range 6–10° were found.[133,134,135a,136]  
The cobalt appears to have no interaction with the terminal p-bond (C1–C2) since this bond 
length is on the order of a typical C=C double bond [1.316(8) Å]. This is consistent with conclusions 
based on 1H NMR spectra (subchapter 2.5.2). 
The X-ray data of 25 and other (2–5h)-penta-1,2,4-triene complexes[133,134,135a,136] suggest that 
it is best to view the ligands in these complexes as p-bound with a significant degree of s-character of 
the metal–(C-2) bond as shown by resonance structures A and B in Scheme 45. In view of the 
deviation of the C1–C2–C3 angle  in  25 from  180° resonance structure C is discarded.  The data also  
 
 
Scheme 45. 
 
rule out a significant contribution from resonance form A because the three cobalt-carbon distances 
C3–Co, C4–Co, C5–Co are all similar and the geometry around the terminal carbon C5 is close to sp2 
hybridized; the angle C4–C5–C6 amounts to 126.3(6)°. However, the chemical shift of the carbon 
atom C-5 (in crystallographic notation C5) of 25 is at rather high field (13C d  = 49.4), suggesting 
partial sp3 character of this carbon atom.[132] 
 
2.5.4 Reaction with Pyridine and Unexpected syn/anti Isomerization 
 
An attempt to deprotonate 19+ with pyridine resulted in the formation of a new cationic 
complex. Mixing a solution of complex (19)BF4 with excess pyridine at –60 °C immediately changed 
the color of the solution from dark red to orange-red. However, while warming up the reaction 
mixture the color of the solution was becoming more and more reddish and at ambient temperature it 
was burgundy. Work up by precipitation with ether afforded a red microcrystalline material in 
excellent yield. The new complex (26)BF4 was characterized by a combination of elemental analysis 
and 1H, 13C{1H}, COSY, NOE, HETCOR, HMBC techniques and was assigned an h4-butadiene 
structure (Scheme 46). 
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Scheme 46. 
 
The 1H NMR spectrum of the new product displayed a signal pattern in the methyl area 
similar to the one of 19+ (Figure 9). Note the shift of the quartet due to the CHMe hydrogen atom 
from 6.49 ppm in 19+ to –0.37 ppm, indicating, by analogy to 21+, that this proton is now in an anti 
position. Such a chemical shift at high field stands out. The methyl group, which was assigned to 3-
Me in 26+ according to the HMBC spectrum, appeared as a doublet at 2.17 ppm, with a small, though 
not well resolved, coupling. For this methyl group exists only a single possible 4J coupling, that is to 
the hydrogen atom at the terminal carbon atom C-4; all other H..H interactions would imply five or 
more bonds. Close inspection of the quartet of 4-H showed a fine splitting with a coupling constant of 
0.67 Hz, the same as the coupling constant in the 3-Me doublet. The observed coupling falls within 
the range of couplings over four, five and more bonds.[117c] With the anti configuration of the 
hydrogen atom at C-4, carbon-hydrogen and carbon-carbon bonds involved in this 4J coupling form a 
”zigzag” arrangement important for the J(s) contribution to long-range couplings.[117c] Accordingly, 
no splitting of the signal due to the methyl group 3-Me was observed in 19+ and 25 where the 
hydrogen atom at the terminal carbon atom C-4 adopts the syn configuration. Another noteworthy 
feature of the 1H NMR spectrum is the low field (aromatic) region, where five different multiplets 
each with a relative integration of 1H were observed. The relative intensity and multiplicity allowed 
to assign these signals to diastereotopic protons of the pyridine ring which obviously rests in a frozen 
conformation with respect to rotation around the bond N–(C-1). 
 Interestingly the chemical shift of the Cp (d = 4.82) is closer to the chemical shifts of Cp 
rings observed for the neutral cyclobutadiene 18 (d = 4.50) and hexatriene 25 (d = 4.68) complexes 
than to those for the complex cations 21+ (d = 5.35) and 19+ (d = 5.39). This suggests that the positive 
charge in 26+ is localized on the nitrogen atom of the pyridine ring rather than on the cobalt atom, 
where a positive charge would have exerted stronger deshielding of the Cp. 
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Figure 9. 1H NMR spectrum of (26)BF4. * denotes solvent (CHDCl2). 
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In the 13C{1H} NMR spectra five low field signals are observed which are attributed to the 
carbon atoms of the pyridine ring. Notably absent from the 13C NMR spectrum is any signal above 
150 ppm, implying that the new complex no longer contains the carbenoid carbon which is present in 
the precursor 19+. The Cp ligand shows a singlet at 84.6 ppm and the carbon atoms of the C4 chain 
are observed at 53.7, 80.4, 81.8, 100.0 ppm. The high field resonance is readily assigned to the 
terminal CHMe carbon atom according to the HETCOR spectrum. The remaining three signals are 
appropriate for sp2 carbon atoms coordinated to cobalt. 
It is obvious that 26+ does not result from simple nucleophilic addition of pyridine to the 
carbenoid carbon atom of 19+ with a s,h4 to h4 change in bonding mode, but involves inversion of 
the stereochemistry at the terminal carbon of the butadienyl ligand. To gain a better understanding of 
this intriguing reaction three low temperature 1H NMR experiments were performed. In the first 
experiment complex (19)BF4 was mixed with an equivalent amount of pyridine at –80 °C. The 1H 
NMR spectrum recorded immediately at –80 °C displayed signals assignable to three different 
species. From the doublet at 0.39 ppm (J = 7.08 Hz) and the singlet of high intensity at 4.66 ppm it 
became evident that deprotonation of 19+ had occurred since these are the characteristic signals of the 
hexatriene complex 25. The singlet at 4.78 ppm indicated that the complex cation 26+ was part of the 
mixture. The third species manifested itself by a doublet at rather high field (d = -0.52, J = 7.32 Hz). 
Due to low resolution of the spectrum no other signals of this species were distinguished at that 
moment. According to integral intensities complex 25 predominated in the mixture, while 26+ and the 
third species amounted to 17%. Deprotonation of the carbenoid complex with formation of the 
hexatriene complex is not surprising taking into consideration that pyridine can act as a base. 
Monitoring of the reaction was continued, and the temperature was raised recording the spectrum 
every 10 °C. At –70 °C the spectrum had a somewhat improved resolution and displayed decrease of 
the hexatriene complex with concomitant increase of a new complex. A much better resolution was 
obtained at –60 °C. The spectrum then displayed several important changes. First, two additional 
signals at 1.49 and 4.47 ppm identified the cyclobutadiene complex 18. Second, the amount of the yet 
unknown species significantly increased. Third, other signals, which belonged to it, were 
distinguished allowing reliable conclusions about its constitution. The spectrum of the new product 
(Figure 10) displayed a signal pattern very similar to the one of 26+: a quadruplet, a doublet, and four 
singlets. Four low field multiplets [d = 7.60(t), 7.96(t), 8.23(tt), 9.24(d)] with intensities of 1H, 2H, 
1H and 1H were similarly attributed to diastereotopic hydrogen atoms of the pyridine. The doublet 
due to one of the a hydrogens is superimposed with the triplet at 7.96 ppm explaining the overall 
relative integral intensity of 2H. However, in contradistinction to 26+ the relative positions of the 
doublet and quadruplet signals are interchanged, suggesting reversed stereochemistry of the CHMe 
group. The salient feature of the new complex is a doublet at rather high field which was
 
 
Figure 10. 1H NMR spectrum at –80 °C of complex (27)BF4 prepared in 1:1 reaction of (19)BF4 and pyridine for 14 days at –80 °C. * denotes 
solvent (CHDCl2), a – impurity of (26)BF4, b – impurity of 18. 
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assigned to the anti methyl group (4-Me). The large shielding effect of this methyl group must arise 
from the spatial proximity to the pyridine ring. No low field carbenoid carbon signal was observed in 
the 13C NMR spectrum of the new species, the pattern of signals displaying remarkable similarity 
with the one for 26+. Combining the information from carbon and proton NMR spectra identifies the 
new complex cation 27+ as an isomer to 26+, viz. the isomer with reversed stereochemistry at C-4. 
(Scheme 47). 
 
 
Scheme 47. 
 
Further elevation of the temperature produced no other compounds and only changed the 
relative concentrations of the constituents in the mixture. The relative concentrations as a function of 
temperature are presented in the form of a diagram in Figure 11.  
According to the Figure 11 the products (27)BF4 and 18 were forming at the expense of 25. At 
low temperatures formation of (27)BF4 is faster than formation of 18. At –30 °C the product of 
nucleophilic attack (27)BF4 predominated over other complexes being in the mixture, but further 
elevation of the temperature resulted in a rapid decrease of its concentration and at 10 °C it 
disappeared completely. Formation of the sandwich complex 18 in turn accelerated drastically and at 
10 °C it was the main product. The concentration of the fourth product (26)BF4 stayed constant 
within the error of integration through the whole experiment. 
To get a more accurate picture of the processes occurring at low temperature a second NMR 
experiment was performed. The carbenoid complex (19)BF4 was mixed with an equivalent amount of 
pyridine at –80 °C, and the sample was kept at this temperature for thirty hours. As in the first 
experiment four species 25, (27)BF4, (26)BF4, and 18 were seen in the 1H NMR spectrum recorded at 
–80 °C, although this time (27)BF4 amounted to 37% and the hexatriene complex amounted to 53%. 
Comparing with the first experiment this result immediately suggests that slow formation of (27)BF4 
from 25 and pyridinium salt is already taking place at –80 °C. In a similar experiment keeping the 
sample for five days at  –80 °C the  1H  NMR spectrum showed almost complete disappearance of the 
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Figure 11. Experiment 1: one-to-one reaction between (19)BF4 and pyridine. Relative 
concentrations of the complexes 25, (27)BF4, (26)BF4, and 18 as a function of temperature 
(see text). 
 
 
hexatriene complex 25, and the product of the primary nucleophilic addition was predominating and 
amounted to 80%. When the temperature was raised to –70 °C the spectra revealed a significant 
increase in the rate of formation of (27)BF4. Formation of 18 became also noticeable at this 
temperature. As in the first experiment the concentration of the fourth product (26)BF4 stayed 
constant within the error of integration throughout the experiment.  
The preparative experiment leading to the isolation of (26)BF4 now seemed to be at variance 
with the NMR experiments. A reason for this apparent discrepancy could be the high excess of 
pyridine used in the preparation of (26)BF4. To confirm this hypothesis a third NMR experiment was 
performed. A 6.5 fold excess pyridine was added at –80°C to the contents of the previous NMR 
experiment that contained no hexatriene complex, but a high concentration (83%) of (27)BF4. 1H 
NMR spectra were recorded while the temperature was raised stepwise from –80 °C to 10 °C. The 
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changes in the relative concentrations with temperature are presented in Figure 12. According to the 
NMR spectra no changes were registered at temperatures below –40 °C. However, at higher 
temperatures a rapid decrease of (27)BF4 was observed. At 10 °C the primary product of nucleophilic 
addition almost disappeared from the reaction mixture. In contrast to the first experiment this time 
disappearance of (27)BF4 was accompanied by an increase of concentration of (26)BF4 to 76% at 10 
°C. The amount of 18 has also increased, although only by 15%, from 8% to 23%. This experiment 
clearly substantiates that excess of pyridine is a necessary condition for the transformation 27+ " 26+. 
Noteworthy, regioselective formation of (26)BF4 was observed in the preparative procedure 
employing an extreme excess of pyridine, while significant amount of 18 was formed in the third 
NMR experiment. This obviously suggests that larger than a 6.5 fold excess of pyridine is required 
for a clean formation of (26)BF4.  
 
Figure 12. Experiment 3: Monitoring reaction of (27)BF4 with a 6.5 fold excess of pyridine. 
Relative concentrations of the complexes (27)BF4, (26)BF4, and 18 as a function of 
temperature (see text). 
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The presence of (26)BF4 at –80 °C already in the first two NMR experiments can be explained 
with imperfect experimental conditions. (During addition of pyridine and mixing it with the solution 
of (19)BF4 the complex (26)BF4 might form due to higher temperature in the upper part of NMR tube 
where the concentration of pyridine was high). It should be also noted that NMR tubes were warmed 
up for short periods of time during transfer from the Dewar container to the NMR spectrometer. 
The reactivity pattern of 19+ and pyridine is more complex compared to the situation with 
Et3N, although it shows many similar features. Common features in the reaction of 19+ with Et3N and 
with pyridine are i) the deprotonation of 19+ to 25, predominant at low temperature, and ii) 
deprotonation of the ring closure intermediate (18H)+ to 18. In either case reaction path ii) is 
encompassed by the reversibility of path i). Since deprotonation of (18H)+ is irreversible, 18 is the 
final product at ambient temperature. With the sterically less hindered base pyridine this pattern of 
two dependent deprotonation equilibria is complicated further by the addition of pyridine to the 
carbon atom C-1 of 19+ which yields complex cation 27+ as the expected addition product and cation 
26+ with inverted configuration at C-4 of the butadiene chain. Formation of 18 at low (1 equivalent) 
base concentration, but prevalence of the addition products at high base concentration clearly 
demonstrates the reversibility of base addition as well. Observation of 27+ at low temperature (–80°C) 
and transformation of this isomer to 26+ at temperatures > –40 °C shows this latter to be the 
thermodynamic product, whereas 27+ having the same stereochemistry at C-4 as its precursor 19+, is 
the kinetic product. The difference in energy appears to reflect more steric strain present in 27+. 
Therefore only 26+ can be isolated preparatively [for instance as (26)BF4], and only under conditions 
of a large excess of pyridine whereby the ring-closure/deprotonation path to 18 is blocked. 
The three NMR experiments are important also from a synthetic point of view. On the basis of 
the second experiment the conditions required for the formation of the primary addition product were 
determined. Thus, keeping the mixture of equivalent amounts of the carbenoid complex (19)BF4 and 
of pyridine strictly at –80 °C should afford (27)BF4 in a high yield (>80%). Reactions in NMR tubes 
required long periods of time due to the low solubility of pyridinium salts which precipitated at the 
bottom. Continuous mixing of the reagents in an NMR tube is an impossible task and mixing with 
ultrasonic bath is always cumbersome. Besides, the impurities of (26)BF4 and 18 are always 
introduced. The Schlenk technique has much advantage and is supposed to improve the situation. 
Reaction of (19)BF4 with pyridine at –80 °C initially produces a mixture of hexatriene complex 25 
and pyridinium salt, which then transforms to (27)BF4. It is clear that direct mixing of the hexatriene 
complex and pyridinium salt at –80 °C will give the same product distribution. The third experiment 
in the NMR tube unequivocally confirmed the necessity for a large (>6.5 fold) excess of pyridine for 
clean isomerization of 27+ to 26+. 
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2.5.5 Discussion of the Isomerization in the Reaction with Pyridine 
 
It is important to distinguish two possible paths that would account for the formation of 
complex cation 26+ with inverted stereochemistry at C-4 as in 19+. First, it may be thought that the 
carbenoid complex cation 19+, which is in equilibrium with the primary product of nucleophilic 
addition 27+, undergoes stereoisomerization to give isomer 28+ with inverted configuration at C-4 of 
the butadiene chain (Scheme 48). Nucleophilic addition of pyridine to this complex cation will afford 
isomeric complex cation 26+. The second feasible path will be independent from 19+ and will imply 
stereoisomerization of 27+ going in intra- or intermolecular fashion and possibly involving additional 
molecules of pyridine. The first alternative can be discarded taking into account the following  
 
 
Scheme 48. 
 
considerations. Since 28+ is expected to be thermodynamically favored (DFT study[113] on model 
complexes showed [CpCo(s,h4-C4H4Mesyn)]+ to be thermodynamically favored over [CpCo(s,h4-
C4H4Meanti)]+), then an isomerization of 19+ in authentic sample should be observed at the 
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temperature at which 27+ transforms into 26+. The 1H NMR (200 MHz, CD2Cl2, –50 °C) spectrum of 
a sample of (19)BF4, which was kept at –30 °C for two months, showed no traces of isomerization. 
The mechanism considered (Scheme 48) does not necessitate large excess of pyridine for the clean 
formation of 26+. Moreover, excess of pyridine should display an unfavorable effect on the rate of 
formation of 26+ which is not in line with the experimental data. Thus it is clear that isomerization of 
27+ occurs without intermediacy of 19+. 
A search of the literature yielded similar inversions of stereochemistry at the termini of a 
butadienyl chain in reactions of s,h4-butadienyl complexes of ruthenium with 
nucleophiles.[100b,101a,b,139] It was shown in the work of Green et al. that ruthenium complexes with a 
s,h4-butadienyl ligand underwent addition at the metal when treated with P(OMe3) or PPh3.[139,100b] 
This resulted not only in the change from a s,h4 to a s,h2 bonding mode but, more important, also in 
a change of  the stereochemistry at  the terminal carbon of  the butadienyl ligand  (Scheme 49). It was  
 
 
Scheme 49. 
 
suggested that stereomutation is thermodynamically driven and occurs via a ring-flip process. 
Previously, a ring-flip process was invoked to explain syn/anti isomerization of the products formed 
in a ring-opening reaction of (cyclobutadiene)palladium complexes.[111b] The ring-flip process which 
is suggested to involve ring inversion via a planar metallacyclopentene intermediate (envelope-flip 
process) is a prevailing rationale for thermal pairwise syn/anti interconversions in cis-1,3-butadiene 
early-metal,[140] actinide[141] and transitional metal[142] complexes. It is clear that such a process can 
not account for the isomerization of 27+, since in this case inversion of stereochemistry at both 
terminal carbons of the butadienyl chain would be observed. Vollhardt utilized an elegant triple 
stereochemical labeling experiment to prove that the syn/anti interconversion in butadiene complexes 
of cobalt occurs with a switch of the metal from one p-face to the other.[143] Reasonably, if 
stereomutation of s,h2-butadienyl complexes of ruthenium would involve similar ring inversion via 
planar intermediate a prone/supine isomerization would be observed, which is inconsistent with 
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results of Green. According to this suggestion a different mechanism should be considered. A 
prone/supine isomerization in the relatively new class of s,h4-butadienyl complexes was first studied 
by J. L. Davidson et al.[106a,b,c] Molybdenum complexes with prone orientation of their s,h4-
butadienyl ligand underwent fast transformation to complexes where butadienyl ligand adopted 
supine orientation. However, formation of h2-vinyl intermediate promoted by initial transfer of a 
thiolate substituent present in the ligand to the metal, clearly showed that isomerization in that case 
does not go via ring-flip process, but via a different path.[106a] The complexes of ruthenium with s,h4- 
and s,h2-butadienyl ligand, studied by Green, featured four phenyl groups and therefore no 
mechanistic conclusions can be made without performing labeling studies. Similarly, stereomutation 
was observed in the work of Kirchner et al. while exploring reactivity of ruthenium complexes with 
four different substituents in the s,h4-butadienyl ligand towards triphenylphosphine.[101a,b] Thus, it 
was shown that the hydrogen of the terminal allyl carbon atom, which occupied a syn position, 
migrated to the carbenoid carbon atom, then adopting an anti position. It was suggested that such a 
formal 1,4-hydrogen shift reaction proceeds most likely via an initial C–H activation step induced by 
the incoming nucleophile and the hydrogen is delivered through the metal centre to the carbenoid 
carbon atom. To establish whether similar 1,4-hydrogen migration is operative in the case of 
isomerization of 27+ a deuteration experiment generating the carbenoid complex cation 29+ with a 
CH2D group at C-1 and further reaction with an excess of pyridine were performed. Addition of 7 
equivalents of CF3CO2D to methylene chloride solution of 25 at –50 °C produced 29+ (Scheme 50).  
 
 
Scheme 50. * represents deuterium label. 
 
In view of the low thermal stability of the complex cations 19+/29+ and the difficulty in removing 
excess of acid, isolation of compound (29)CF3CO2 in a pure form was not attempted. Instead, 14 
equivalents of pyridine were added, and the mixture was warmed to ambient temperature. Removal of 
the volatiles afforded a pink residue, which was analyzed by proton NMR spectroscopy. Examination 
of the proton intensities of the product (30)CF3CO2 and comparison with the spectrum of (26)BF4 
Co
25
CF3CO2D
Co *
29+
H
Co CH2D
29+
HH
3
2 1
4
 73 
(Figure 9) showed that the new species possessed only one deuterium enriched methyl group, which, 
according to its chemical shift, was the methyl group at C-1 (Figure 13). The reversibility of 
deprotonation in the presence of a large amount of [C5H5ND]+ assures multiple H/D exchange in 1-
Me. According to relative intensities, the formula [CpCo{h4-C(NC5H5)(CDxH3-x) 
C(Me)C(Me)C(Mesyn)(Hanti)}]CF3CO2, where x = 2.2, was suggested for the product (30)CF3CO2. 
This labeling experiment rules out a 1,4-hydrogen shift in the course of the stereomutation of 
27+ since the pyridine substituent always remains bound to the carbon adjacent to the labeled methyl 
group which, also in the isomerized cation 26+, is the former carbenoid carbon of 19+ (Scheme 51). 
This experiment is important from another point of view. It also excludes any 
deprotonation/protonation at C-4 since no species with a CDMe group were observed as the product. 
 
 
Scheme 51. * represents deuterium label. 
 
The role of excess pyridine is twofold. By shifting the equilibrium 19+ + C5H5N D 27+ to the 
right it blocks the path to 18. From the NMR experiments it appears that excess pyridine also 
promotes the formation of 26+. Unfortunately no intermediate was observed during the course of 
transformation 27+ " 26+ and therefore the intricate mechanism of this isomerization cannot be 
reliably elucidated. A direct pathway involving an h4-h1-h4 change in bonding mode and rotation 
about the (C-3)–(C-4) could be discarded since an h1 intermediate would be an open shell species.
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 Figure 13. 1H NMR spectrum of (30)CF3CO2. * denotes solvent (CHDCl2), a – [C5H5ND]CF3CO2 and [C5H5NH]CF3CO2. 
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A possible mechanism is presented below by which stereoconversion at C-4 occurs via an SN2 
type interchange of pyridine in a cobaltacycle (Scheme 52). The change in bonding mode of the 
butadienyl ligand in 27+ with migration of the pyridine moiety to cobalt produces cobaltacycle A, 
which isomerizes to B via inversion at the cobalt atom. An additional molecule of pyridine is 
involved in the inversion, thus providing a second explanation for the necessity of excess of pyridine. 
Migration of pyridine from cobalt to C-1 with the change in bonding mode to h4 transforms B into 
the pyridinio complex cation 26+ with 4-Me in syn position.  
 
 
Scheme 52. 
 
 
2.5.6 Structure of [CpCo{h4-C4HantiMe4(NC5H5)}]Tf [(26)CF3SO3] 
 
Several attempts to obtain crystals of (26)BF4 suitable for structure determination were 
unsuccessful. Therefore the complex ion 26+ was synthesized as the triflate salt (26)CF3SO3 by a 
procedure described in subchapter 2.8.2. Crystals that were suitable for a structural study were 
obtained as red rods by crystallization from an acetone/Et2O mixture. Compound (26)CF3SO3 
crystallizes in the monoclinic space group P 21/n with Z = 4. The molecular structure is illustrated in 
Figure 14 and selected bond distances and angles are listed in Table 8. 
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Figure 14. Structure of the ion 26+ in the crystal of (26)CF3SO3 (PLATON plot[165] at the 20% 
probability level). Hydrogen atoms and the triflate ion CF3SO3– are not displayed. 
 
 
Table 8. Selected structural parameters of (26)CF3SO3. 
 
 
The structure determination confirmed the anti position of the hydrogen atom H-4 at C-4 (in 
crystallographic notation C4), derived from the 1H NMR spectrum. Notably, the ”zigzag” 
arrangement involving H4, C4, C3 and C6 is near planar, displaying a dihedral angle H4–C4–C3–C6 
of 10° in accordance with the previously (subchapter 2.5.4) mentioned long range 4J coupling of the 
Bond distances, distances (Å) Angles (°) 
Co–C1 1.975(2) Co–C20 2.091(3) C1–C2–C3–C4 2 
Co–C2 1.971(2) Co–C21 2.060(3) C3–C2–C1–N 59 
Co–C3 1.966(3) Co–C22 2.040(3) H4–C4–C3–C2 12 
Co–C4 2.053(3) Co–C23 2.035(3) C3–C2–C1–C8 13 
C1–C2 1.441(3) Co–C24 2.057(3) C2–C3–C4–C5 12 
C2–C3 1.384(4)   H4–C4–C3–C6 10 
C3–C4 1.443(4)   C8–C1–N–C14 77 
N–C1 1.498(3)   C8–C1–N–C10 80 
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hydrogen 4-H (in crystallographic notation H4) with the methyl group 3-Me (in crystallographic 
notation C6). 
The overall geometrical type is the same as in the known structures of h4-butadiene 
complexes.[124f,g,125f] The structure of 26+ displays a four-carbon chain in a cisoid conformation bound 
to cobalt. The h4-coordinated skeleton is nearly planar exhibiting a dihedral angle C1–C2–C3–C4 of 
2° and four similar distances from the carbon atoms C1, C2, C3, and C4 to cobalt. The terminal bonds 
C4–C3 and C1–C2 are longer than the internal C2–C3 bond as the result of back donation from the 
CpCo unit. The methyl groups at C1 and C4 twist out of the plane of the butadiene part of the ligand 
towards the metal. This is manifested by dihedral angles C2–C3–C4–C5 of 12° and C3–C2–C1–C8 
of 13°. This makes better overlap of the p orbitals of C1 and C4 with the metal. 
The pyridine substituent at C1 adopts the anti configuration. It is directed almost orthogonal to 
the butadiene plane; in this position the 1,6-interaction between a C atom in the ortho-position of the 
pyridinium ring and C4 of the pentadienyl chain is obviously minimized. This in turn induces a 
repulsive interaction with the cobalt atom which augments the effects of rehybridization and enforces 
the pyridine substituent to bend further out of the plane of the pentadienyl ligand away from the 
metal. Comparing the dihedral angles C3–C2–C1–N and C2–C3–C4–H4 one can clearly see that this 
interaction is considerable. 
The bond N–C1 [1.498(3) Å] is longer than expected for a N(sp2)–C(sp2) bond and even 
longer than a N(sp3)–C(sp3) bond [1.470 Å]. Such a remarkable effect can not be explained by 
rehybridization at C1 only. The greater contribution to the lengthening is ascribed to a sterical 
labilization caused by two short interactions between the pentadienyl chain and the pyridinium N 
atom, namely N..H8–C8 of 2.61 and N..H4–C4 of 2.19 Å.  
1H NMR NOE difference spectra are in good agreement with results of the structure 
determination. It was possible by means of nuclear Overhauser experiments to assign unequivocally 
the low-field doublets in the 1H NMR spectrum, which belong to the a-hydrogens of the pyridine 
ring. Thus, when the resonance due to the methyl group 1-Me (in crystallographic notation C8) at 
1.94 ppm was irradiated, an increase of intensity of the doublets at 7.66 and 9.34 ppm was recorded. 
However, for the resonance at lower field an increase three times larger was observed. Accordingly 
the low field doublet at 9.34 ppm belongs to the hydrogen H14 (in chemical notation aHendo) of the 
pyridine ring, close to the methyl group. This result correlates to a second NOE experiment. 
Irradiation of the resonance due to the methyl group 2-Me (in crystallographic notation C7) at 2.21 
ppm induced an increase of intensity only of the low-field doublet at 7.66 ppm. From the X-ray 
structure it is apparent that this NOE is possible only with the one hydrogen of the pyridine ring, 
which is in a position and exo to the metal. The difference in the chemical shifts of the a hydrogens 
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is remarkable and obviously reflects shielding of the exo hydrogen by the p system of pentadienyl 
ligand. 
 
2.5.7 Restricted Rotation of Pyridine in [CpCo{h4-C4HantiMe4(NC5H5)}]+ (26+) 
 
Observation of five different pyridine multiplets in the 1H NMR spectrum of 26+ clearly 
indicates restricted rotation of the pyridine ring about the N–(C-1) axis already at ambient 
temperature. There is one precedent in the literature where a similar effect was described. Utilizing 
variable temperature 1H NMR spectroscopy Green et al. showed that at –63 °C the spectrum of 
NbH(h5-C9H7)2(NC5H5) corresponded to a low temperature regime and displayed five signals 
assignable to pyridine in the ratio 1:1:1:1:1.[144] However, at ambient temperature the high 
temperature regime was reached displaying two broad signals for ortho and metha protons. In 
contradistinction to this example, 1H NMR spectra of 26+ in nitromethane-d3 recorded at 40 °C and 
50 °C showed no line-broadening and at higher temperatures (up to 80 °C) the quality of spectra 
started to deteriorate due to decomposition of the complex but the same five signals were still 
observed for the diastereotopic pyridine protons. 
The phenomenon of restricted rotation of the pyridine ring in 26+ is believed to arise as a 
consequence of steric interaction. From the structure determination it is reasonable to assume that, if 
pyridine is rotated by 90° relative to its position in the solid state, a strong 1,6-interaction will result. 
This produces a significant rotational barrier which hinders rotation of the pyridine ring up to 
decomposition temperature. To confirm this assumption model calculations were performed with the 
aim to estimate the length of the critical H..H contact namely H14..H4. The X-ray structure file of 
(26)CF3SO3 was converted to a MOPAC model file. The model (Figure 15) exactly reproduced the 
structural parameters determined by single crystal structure determination. CS Chem3D Ultra 
(molecular modeling and analysis),[145a] a program from the ChemOffice 2002 (version 7) 
package,[145b] was used for the calculation. 
The distance H14–H4 [from H14 (in chemical notation Ha, endo to Co) to H4 (in chemical 
notation 4-H)] in the crystal amounts to 2.713 Å. The pyridine was rotated around the N–(C-1) axis 
clockwise while all bond lengths and angles were kept unchanged. At 80° (Figure 16) the minimum 
distance between H14 and H4 was achieved. This distance amounted to 0.380 Å, which is much 
shorter than H–H bond in H2. 
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Figure 15. ion 26+ in the crystal of (26)CF3SO3.  Figure 16. 26+: pyridine was rotated by 80° 
around the N–(C-1) bond. 
Light-blue - H atoms, blue - N atom, dark-blue - Co atom, grey - C atoms. 
 
 
2.5.8 Reaction with PPh3 and Formation of [CpCo{h4-C4HantiMe4(PPh3)}]BF4 [(31)BF4] 
 
Under the same reaction conditions as those used for the preparation of (26)BF4, the carbenoid 
complex (19)BF4 reacts with PPh3 to undergo nucleophilic addition, again with stereoisomerization at 
C-4 of the diene (Scheme 53). The resulting phosphonium ion 31+ was isolated as the 
tetrafluoroborate salt (31)BF4 in quantitative yield. 
 
 
Scheme 53. 
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The 1H NMR spectrum of the new product displayed a pattern of the methyl region similar to 
the one of 26+. Some discernible distinctions are to be noted. The quartet due to the CHMe hydrogen 
atom in the new complex appeared at 1.24 ppm, i. e. 1.6 ppm to lower field as compared to the 
corresponding hydrogen in 26+; nevertheless it is still in the range of chemical shifts characteristic for 
the terminal protons in anti position of metal coordinated  p-allyl and p-butadiene ligands.[115,116a] The 
stereochemistry at the terminal carbon atoms C-1 and C-4 of the butadienyl ligand was further 
confirmed by 1H NOE difference spectra. The signals at 1.34 and 2.56 ppm assigned to 1-Me and 2-
Me were observed as doublets thus displaying 3J and 4J couplings with the phosphorous atom. 
The complex ion 31+ displayed several interesting features in the 13C NMR spectra. From a 
comparison of the spectra of the two cations 31+ and 26+, it appears that replacement of pyridinium 
with triphenylphosphonium causes a more than 50 ppm upfield shift of the resonance of C-1. 
Interestingly, the signal due to the carbon C-2 in 31+ was found 12 ppm downfield compared to the 
corresponding signal in 26+. The presence of electron withdrawing groups at carbon atoms of a 
transition metal coordinated p-ligand often enhance the upfield shift on coordination and resonances 
of the corresponding carbon atoms can be found up to 100 ppm to high field compared to the signals 
in the free ligand.[124e,125e] In this sense it is reasonable to consider the low-field signal due to the 
carbon C-1 in 26+ as unusual but not the corresponding signal in 31+. 
The 13C NMR chemical shift data of phosphonium substituted alkenes shows that the presence 
of the phosphonium substituent causes an upfield shift for the carbon a and downfield shift for the 
carbon b relative to the resonances of the corresponding carbons in unsubstituted alkenes.[146] 
Schweizer,[146b,c] and afterwards Gallagher[146a] have accounted for this in terms of a contribution to 
the resonance hybrid which involves dispersal of the positive charge into the p system (Scheme 54). 
 
Scheme 54. 
 
However, a similar resonance effect in the complex ion 31+ can be excluded, since p bonding 
between P and C-1 is not possible on steric reasons. 
The observed differences in the 13C spectra of two complexes of the same type can be 
explained considering the difference in electronegativities of phosphorous and nitrogen. Since N is 
more electronegative than P the pyridinium substituent (+)NC5H5 is expected to be more 
electronegative than the phosphonium (+)PPh3 substituent. Therefore the charge distribution of the 
R3P R3P
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N–(C-1) bond is more polarized than the one of the P–(C-1) bond. This translates into the stronger 
deshielding and hence higher chemical shift of the carbon C-1 in the pyridinium complex cation 26+. 
Coupling constants offer further information about the bonding situation in 31+. The signal at 
29.4 ppm assigned to the carbon C-1 appeared as a doublet with a coupling constant of 1JPC = 46.0 Hz 
which is remarkably small for a formally sp2 carbon atom directly bound to phosphorous.[147] For 
comparison 1JPC = 89.8 Hz in [Ph4P]Br,[146c] 1JPC = 80.3 Hz in [Ph3P–CH=CH2]Br,[146c] 1JPC = 82.6 Hz 
in [Z-(MePh2P–CH=CHMe)]Br.[146a] For the closely related complex ion [CpCo(h4-HC4Ph4PPh3)]+ 
having a phosphonium substituted h4-butadiene ligand of the same stereochemistry as in 31+, an even 
smaller coupling constant of 1JPC = 36.6 Hz for the corresponding carbon atom was found.[148] As 
described previously 1JPC decreases on going from an sp2 to an sp3 hybridized carbon,[149] the 
magnitude of the coupling between two atoms being directly related to the s character of the hybrid 
orbitals forming the bond. In general h4-diene complexes feature reduced s character of the terminal 
carbon atoms, where heavier metals effect more extensive sp2 " sp3 rehybridization[124e] because of 
enhanced back-bonding. In contrast to the cobalt complex 31+ similar phosphonium substituted h4-
diene type complexes of ruthenium prepared by Kirchner et al. displayed coupling constants 1JPC in 
the range of 72.8 Hz to 63.1 Hz.[101a,b] It is clear that rehybridization at C-1 in 31+ can not account for 
substantially small coupling constant 1JPC. Most probably, the observed small coupling constant is 
connected with a long bonding distance between P and C-1. The N–(C-1) bond of the pyridinium 
complex cation 26+ is lengthened as seen in the X-ray structure determination and an even more 
pronounced lengthening of the P–(C-1) bond is expected for the cation 31+. This is supposed to be the 
main reason for reduction of the direct coupling between P and C-1. 
It should be mentioned that complex cation 31+ exhibits fast relaxation of the carbon C-1. 
Such an effect was not observed for other species of this type prepared by Green[148] and by 
Kirchner.[101a,b,150] No straightforward explanation is available at the moment. 
With regard to the isomerization at the terminus of the diene ligand it is suggested that the 
same mechanism operates as in the case of 26+. In the present case, however, an unrearranged isomer 
could not be detected by low temperature NMR spectroscopy. The enhanced steric strain enforced by 
the bulky phosphane may be responsible for the rapid conversion of the primary addition product. In 
addition variable temperature monitoring of the reaction of 19+ with seven equivalents of PPh3 
revealed a slower conversion to 31+ compared to the reaction of the carbenoid complex with pyridine 
(qualitative assessment). In accord with this was the observation that fast rise in temperature resulted 
in the formation of large amounts of 18 which predominated over 31+. It may be concluded from our 
experimental data that nucleophilic attack of triphenylphosphane is slower than that of pyridine, but 
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the subsequent stereoisomerization is faster. If only one equivalent of PPh3 was used similar 
complications as with pyridine, i. e. formation of 18 and of insoluble material, were again observed. 
In contrast to triphenylphosphane trimethylphosphane reacted unselectively producing an 
intractable oily material. The 1H NMR spectrum of the crude oil showed a multitude of resonances 
spanning methyl and ”Cp” regions and clearly indicated that the sample contained several 
{CpCo(PMe3)} species. No conclusions have been reached about the molecular structure of any of 
these species. Interestingly, a yellow precipitate was separated (yield 5%) from the reaction mixture 
before work-up. This yellow product displayed in the 1H NMR spectra signals characteristic for 
[CpCo(PMe3)3]2+ [1H NMR (200 MHz, [D6]acetone) d = 1.94 (virtual triplet, 27H, Me3P), 5.9 (s, 
Cp)].[151] 
 
2.5.9 Deprotonation by DMSO and Formation of CpCoCb* (18) 
 
Reaction of (19)BF4 with a large excess of DMSO in CH2Cl2 at –40 °C followed by warming 
to 30 °C resulted in a brown-yellow solution. The volume of the reaction mixture was reduced and 
work-up by extraction with hexane followed by filtration through alumina afforded a light-yellow 
solution leaving all impurities on the alumina. Removal of hexane left a spectroscopically pure, 
yellow crystalline solid which exhibited only two singlets at 1.55 and 4.51 ppm in the 1H NMR 
indicating the cyclobutadiene complex 18 (Scheme 55).  
 
 
Scheme 55. 
 
In our earlier work the formation of 18 was observed in reactions of 19+ with nucleophiles 
when the reagents reacted in equivalent amounts. In contrast to the reactions with pyridine and 
triphenylphosphine no product of nucleophilic addition was observed with DMSO, although a large 
excess of reagent was used. This observation can be explained by the fact that DMSO reacts only as 
Broensted base as is the case with hard nucleophiles, and never gives addition products to carbon. 
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Dimethylsulfoxide is too weak a base to effect deprotonation of the methyl group attached to 
the carbenoid carbon of the complex cation 19+, and therefore the hexatriene complex 25 was not 
found among products even when the reaction was performed at lower temperatures (reaction of 19+ 
with a large excess of DMSO in an NMR tube at –50 °C). The straightforward conclusion from this 
outcome is that DMSO can only deprotonate the obviously stronger acid endo-H-cyclobutadiene 
cation (18H)+ and not the methyl group of 19+. 
 
 
2.6 Nucleophilic Substitution of the Pyridine of [CpCo{h4-C4HantiMe4(NC5H5)}]+ (26+) 
 
 
2.6.1 A Pyridine/4-Picoline Exchange Reaction 
 
Since any nucleophile may react with 19+ either as a base or as a nucleophile, thus 
complicating the reactions, a possible way to further nucleophilic addition products is the exchange of 
pyridine. To show the feasibility of a nucleophilic exchange of pyridine in complex cation 26+ a 
reaction with 4-methylpyridine was performed. A solution of (26)CF3SO3 in CD2Cl2 was prepared in 
a NMR tube and one equivalent of 4-picoline was added. The 1H NMR spectrum (200 MHz), 
recorded after several minutes, revealed the presence of two species, as was easily concluded from 
the two sharp singlets at 4.80 and 4.82 ppm. The latter was readily assigned to the Cp signal of the 
starting complex cation 26+, the former corresponded to a new species 32+. Two new singlets at 1.89 
and 2.48 ppm were distinct and one at 2.19 ppm was partially resolved. In the low field region eight 
signals were observed. The four doublets of doublets at 7.27, 7.51, 7.75 and 9.15 ppm were attributed 
to the picolinio complex cation 32+ also exhibiting separate signals for the proton pairs 2-H/6-H and 
3-H/5-H by analogy with 26+. The signal corresponding to bHexo of C5H5N in 26+ and the signal due 
to aHexo of 4-MeC5H4N in 32+ overlapped, therefore eight instead of nine signals were observed 
altogether for pyridine and 4-picoline protons in complexes. Two sharp singlets corresponding to the 
protons of Cp rings indicate slow exchange of pyridine with 4-picoline on the NMR time scale. 
Interestingly, no signals of either free pyridine or 4-picoline were observed. This can be explained 
taking into account proton exchange between pyridine and [C5H5NH]BF4 and likewise between 4-
picoline and 4-picolinium ion. An impurity of pyridinium cation could well originate from the 
preparation of (26)CF3SO3. The very broad signal assignable to the methyl group of free 4-picoline 
was found at 2.72 ppm shifted downfield from pure 4-picoline (d = 2.31), in accordance with the 
above explanation.  
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The ratio between 26+ and 32+ was 1:2.7 by integral intensities of the Cp signals. The 
observed preference for 4-picoline can be understood as the consequence of the better electron donor 
property due to the 4-methyl group. 1H NMR spectra (200 MHz, CD2Cl2), recorded after prolonged 
periods of time, showed that the ratio 26+:32+ was constant within the error of integration suggesting 
that the equilibrium C6H7N + 26+ D 32+ + C5H5N (Scheme 56) is established within minutes. 
 
 
Scheme 56. 
 
The mechanism, by which the nucleophilic (pyridine/picoline) exchange in complex cation 
26+ occurs, obviously has a greater degree of dissociative than of associative character. In the SN1 
extreme the dissociation of pyridine would lead to the carbenoid complex cation 28+ ([CpCo(s,h4-
C4HantiMe4)]+),  a stereoisomer of  19+ with  a terminal  syn-methyl group  (Scheme 57).  On the other  
 
 
Scheme 57. 
 
hand, in an SN2-type mechanism a product with inverse stereochemistry at C-1 would be expected, 
which is not in line with the experiment. At a quasi trigonal carbon an SN2-type substitution with the 
leaving and the entering nucleophile on the same side would leave the stereochemistry at C-1 intact; 
however, the steric situation in 26+ disfavors this mechanism. 
 
N N+ +Co
26+
N
H
Co
32+
N
H
Co
H
28+
Co
26+
N
H
N+
Figure 17. 1H NMR spectrum of (32)BF4. * denotes solvent (CHDCl2). 
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Removal of pyridine from the reaction mixture shifts the equilibrium to the right (Scheme 56). 
For the preparative synthesis of 32+ as the tetrafluoroborate (32)BF4 removal of the volatiles and 
addition of fresh 4-picoline was repeated four times. After the forth cycle a spectroscopically pure 
sample of (32)BF4 was obtained in excellent yield. The 1H NMR spectrum is displayed in Figure 17. 
The spectrum of 32+ is very similar to the one of 26+ except for the singlet at 2.48 ppm for the methyl 
group of 4-picoline, and the low field region, where only four signals were observed. Complete 
assignments of the signals in 1H NMR spectra were made by analogy with (26)BF4.  
 
2.6.2 Substitution with CNtBu and Formation of [CpCo{h5-C5Me4(NHtBu)}]Tf [(24)CF3SO3] 
 
Monitoring the substitution of pyridine in (26)CF3SO3 with tert-butylisocyanide by NMR 
spectroscopy revealed a slow reaction. Examination of the spectrum (200 MHz, CD2Cl2), recorded 
immediately after the reagents were mixed, showed the presence of two complexes as deduced from 
two sharp singlets of high intensity at 4.82 ppm and 5.11 ppm. The former and a number of singlets 
in the region 1–2.2 ppm were assigned to the starting material by comparison with the spectrum of an 
authentic sample. Furthermore the spectrum displayed a singlet at 1.46 ppm corresponding to 
unreacted tert-butylisocyanide and three low field multiplets assigned to free pyridine. In addition 
three singlets were found at 1.18, 2.03 and 2.12 ppm in the ratio of 3:2:2. The first one was readily 
assigned to the tert-butyl group in the product on the basis of integral intensity and chemical shift at 
high field. The remaining two methyl signals of relative intensity two suggested a plane of symmetry 
in the product. The product was identified as (24)CF3SO3 by a comparison of the chemical shifts with 
those of authentic sample of (24)CF3SO3. Thus, reaction of 26+ with tert-butylisocyanide led to 
formation of the same complex cation as found previously from 19+ and tert-butylisocyanide, i. e. the 
aminocobaltocenium complex cation 24+ (Scheme 58). 
 
 
Scheme 58. 
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Since both reactions of the isocyanide, that with (24)CF3SO3 and that with (19)BF4 afforded 
the same product, it would appear that there is a common intermediate. The initial product of the 
nucleophilic substitution reaction of 26+ with tert-butylisocyanide is assumed to be a nitrilium 
intermediate (Scheme 59), which by way of an electrocyclic ring-closure transforms to the complex 
24+. Different stereochemistry at C-4 in the precursors 19+ or 26+ should lead to different 
stereochemistries in the nitrilium intermediates with 5-H in anti or syn position (compare Scheme 59 
and Scheme 41), but the subsequent deprotonation/protonation step arrives at the same cation 24+. 
 
 
Scheme 59. 
 
This type of reaction was reported earlier by M. Green et al.[148] for the closely related 
complex cation [CpCo(h4-HC4Ph4PPh3)]+ containing a triphenylphosphonio substituted h4-butadiene 
ligand of the same stereochemistry as in 26+. Reactions of this complex with isocyanides RNC (R = 
tBu, 2,6-Me2C6H3) resulted in formation of the corresponding aminocobaltocenium cations. We 
suggest that the same mechanism is operative in this case. In the case of tert-butylisocyanide M. 
Green et al. observed a surprising loss of the tBu substituent. Such loss of a tert-butyl group was not 
observed in the present work.  
Notably, the reaction of tert-butylisocyanide with 26+ was much slower than the reaction with 
the carbenoid complex 19+. Two days were required to bring the reaction with the pyridinio 
derivative to completion at ambient temperature, while the reaction with the carbenoid complex 
proceeded within a second at –35 °C. Since it is assumed that both reactions involve electrocyclic 
ring-closure as a common step, it is reasonable to conclude that initial nucleophilic substitution of 
pyridine by tert-butylisocyanide is the rate limiting step in the reaction of 26+ with tert-
butylisocyanide, more exactly it is dissociation of pyridine that limits the overall rate of reaction. 
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2.6.3 Substitution with CN– and Formation of CpCo(h4-C4HantiMe4CN) (33) 
 
Attempted reaction between the carbenoid complex (19)BF4 and (NBu4)CN produced the 
hexatriene complex 25 because of the high basicity of CN
–
 in an aprotic medium (NMR tube 
experiment, CD2Cl2). No product that would arise from nucleophilic addition at the carbenoid carbon 
was observed. Pyridinio complex cation 26+ in turn has less pronounced acidic properties as 
compared to 19+, therefore it was expected that the deprotonation pathway would not intervene and 
the reaction of 26+ with cyanide would give a product of nucleophilic substitution. Indeed, the 
reaction of (26)BF4 with (NBu4)CN resulted in a smooth substitution of pyridine by cyanide and 
afforded the neutral complex 33 as a robust crystalline compound (Scheme 60).  
 
 
Scheme 60. 
 
The nitrile 33 is a red crystalline compound, with higher melting point and with noticeably 
lower solubility in hexane as compared to the dimethylhexadiene complex 23. This is supposed to 
arise from the high dipole moment due to the presence of cyano group.  
The 1H NMR spectrum of the new product displayed a characteristic doublet-quadruplet 
pattern assigned to the CHMe moiety, the high field position of the quadruplet suggesting the anti 
position for hydrogen. Three signals at 1.43, 2.06 and 2.15 ppm were ascribed to the methyl groups 2-
Me, 4-Me and 3-Me respectively while a high intensity singlet at 4.61 ppm was readily assigned to 
the Cp ligand. Notably, the signal assigned to 4-Me appeared as a not well resolved doublet with a 4J 
coupling to 5-H. This feature was already observed in the spectrum of the starting complex cation 26+ 
(subchapter 2.5.4) and confirms the anti position of the terminal hydrogen in the product 33. The 13C 
NMR spectrum is in good accordance with the proposed structure. Noteworthy also is the high field 
signal (d = 24.2) corresponding to the carbon bearing the cyano substituent (C-2). In general cyano 
substituted olefin carbons exhibit strong upfield shifts on coordination to transition metals. Pertinent 
examples are, for instance, the bis(triphenylphosphine)platinum complex [(Ph3P)2Pt(h2-C2(CN)4)] 
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(d = 21.4)[152a] and the tetracyanocobaltate complex [(h2-C2(CN)4)Co(CN)4]3– (d = 9.1).[152b] The 
signal of the carbon C-2 was very difficult to observe due to very low intensity, however the chemical 
shift was unequivocally determined by the HMBC technique. This is not surprising since quaternary 
carbons in absence of effective relaxation mechanism may display particularly large relaxation 
times.[117d] Cooling down the sample greatly sharpened the signal; the intensity was then comparable 
with the one of the cyano carbon C-1. It is supposed that chemical shift anisotropy relaxation[153] is 
responsible for the improvement. Levy and Edlund have pointed out that anisotropic chemical 
shielding could provide a significant relaxation pathway for 13C nuclei in liquids[154] and strongly 
contributes to the relaxation of non-hydrogen bearing sp2 carbons.[155] The rate of relaxation due to 
this mechanism is higher at lower temperatures.[153]  
The nitrile complex 33 was readily protonated as proven in an NMR experiment. Reaction 
with 3 equivalents of CF3CO2H in CD2Cl2 effected a fast color change from red to yellow. A cationic 
product so formed was characterized by NMR spectroscopy and assigned an aminocobaltocenium 
structure 34+ (Scheme 61). The 1H NMR spectrum of 34+ is very similar to that of 24+ lacking the 
high field signal of the t-Bu group. The new aminocobaltocenium ion 34+ can be isolated as (34)PF6 
by extraction with water followed by precipitation with NH4PF6 to give a yellow powder in 89% 
yield. In a synthetically more convenient procedure the reaction of 33 with HBF4 in ether afforded  
(34)BF4 in near quantitative yield.  
 
 
Scheme 61. 
 
The formation of the aminocobaltocenium complex cation 34+ is supposed to be 
mechanistically analogous to the formation of 24+ in the reactions of 19+ and 26+ with tert-
butylisocyanide (Scheme 59 and Scheme 41). Thus, protonation at the nitrilic nitrogen of 33 
generates a nitrilium intermediate, which by way of electrocyclic ring-closure and subsequent proton 
migration rearranges into 34+. 
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2.6.4    Reaction with Allylmagnesium Chloride 
 
Reaction of (26)BF4 with allylmagnesium chloride in CH2Cl2 followed by removal of all 
volatiles left a red oily residue. Work-up by extraction with hexane and filtration through alumina 
afforded a red oily material. The 1H NMR spectrum of the product displayed four signals which 
perfectly matched the 1H NMR data of the 3,4-dimethylhexa-2,4-diene complex 23. Thus, the allyl 
Grignard formally acted as a hydride donor, substituting pyridine in 26+ to give 23 (Scheme 62). This 
result is in line with the well known fact that Grignard additions are sensitive to steric effects. A 
Grignard reagent with a hindered ketone often simply lead to reduction of the carbonyl group.[156] 
 
 
Scheme 62. 
 
 
2.7 Abstraction of Pyridine from [CpCo{h4-C4HantiMe4(NC5H5)}]+ (26+) And Formation of a 
New s,h4-Butadienyl Complex Cation [CpCo(s,h4-C4HantiMe4)]+ (28+) 
 
 
2.7.1 Generation of [CpCo(s,h4-C4HantiMe4)]+ (28+) 
 
The ready stereoisomerization at C-4 occurring in the course of pyridine addition to 19+ 
provides a precursor 26+ which, by removal of pyridine, could generate a [CpCo(s,h4-C4HantiMe4)]+ 
(28+), a stereoisomer of 19+ with a terminal syn-methyl group and a possible intermediate in 
nucleophilic substitution reactions of 26+. When equimolar amounts of (26)CF3SO3 and CF3CO2H 
were mixed in a NMR tube, a precipitate of [C5H5NH]CF3SO3 was formed; the supernatant liquid 
gave an 1H NMR spectrum which indicated the presence of the two complex ions 26+ and 21+. The 
singlet of high intensity at 5.30 ppm and two doublets of doublets at 2.08 and 3.85 ppm 
corresponding to a vinyl group CH2=CH– of 21+ made the assignment straightforward. According to 
MgCl
Co
23
Co
26+
N
H
 91 
the relative intensities of the ”Cp” singlets the two species were roughly in equal amounts. Thus, the 
one-to-one reaction did not lead to a new cationic species, but resulted in the formation of 21+. The 
same experiment using a five fold excess of acid (Scheme 63) after removal of [C5H5NH]CF3SO3 
gave a spectrum corresponding to 21+ and [C5H5NH]+. No signals of the starting complex or any new 
complex were observed. 
 
 
Scheme 63. 
 
In a third experiment the solution of pyridinium complex was mixed with a sevenfold excess 
of acid. A color change towards a more intense color was noticed. The 1H NMR spectrum of the dark 
red, almost black solution displayed sharp signals, which according to chemical shifts belonged 
neither to 21+ nor to 26+. The new species formed, 28+ gave rise to a high intensity Cp singlet at 
5.39 ppm, three methyl singlets (d = 1.83, 2.57, 2.59), and a doublet-quadruplet pattern at 2.39 ppm 
(d, J = 6.59 Hz) and 3.18 ppm (q, J = 6.59 Hz) due to a CHMe unit. Three low field signals at 8.10, 
8.63, 8.89 ppm together with a broad triplet at 14.04 ppm were assigned to [C5H5NH]+. The new 
species 28+ appeared to be unstable in solution and decomposed at ambient temperature showing a 
multitude of resonances in the ”Cp” and methyl regions. Since the reaction of 26+ with trifluoroacetic 
acid produced two cationic species, i.e. the new complex 28+ and [C5H5NH]+, no attempt to isolate 
the salt of 28+ was made. Attempted stabilization of 28+ in the form of the BF4– salt by use of HBF4 in 
Et2O also failed. Therefore the new species was characterized in the reaction mixture by means of 
NMR spectroscopy at low temperatures. The structure of the new complex cation 28+ was 
successfully assigned with the help of 13C and 2D correlation spectroscopy. Thus, the signal at very 
low field (d = 288.4) in the 13C{1H} NMR (125 MHz, –20 °C, CD2Cl2) suggested the presence of a 
carbenoid carbon atom. Four signals (d = 11.5, 17.5, 20.0, 31.3) were attributed to four methyl groups 
present in 28+, while signals at 77.6, 100.3 and 117.3 ppm together with the carbenoid carbon 
obviously corresponded to a four carbon backbone of the open chain ligand. The signal of high 
intensity at 88.7 ppm was readily assigned to a Cp ring. The number of signals corresponding to 28+ 
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was the same as in the 13C{1H} NMR spectrum of 19+. Furthermore, the correlations derived from 2D 
techniques (HMBC, HMQC) were very similar to those made for 19+. Hence 28+ is closely related to 
19+ and assigned an [(h5-cyclopentadienyl){h4-(2Z,3E)-1,2,3-trimethylpenta-1,3-dien-1-yl}cobalt] 
structure (Scheme 64).  
 
 
Scheme 64. 
 
The stereochemistry at C-4 with the hydrogen atom 4-H anti and the terminal methyl group 
syn follows from the chemical shifts in the 1H NMR spectrum. Indeed, comparing the spectra of 19+ 
and 28+ (Figure 18) one sees that these complexes exhibit very similar chemical shifts assigned to the 
protons of the Cp ring and the methyl groups, while the signals of the doublet-quadruplet pattern due 
to a CHMe unit are different. The terminal proton 4-H in 28+ has a chemical shift to higher field 
relative to 4-H in 19+. The doublet due to the methyl group at C-4 in 28+ in turn is found at lower 
field compared to the corresponding doublet in 19+. 
The phosphonio derivative 31+ reacts with CF3CO2H in a similar way to yield 28+ and can 
successfully be used instead of the pyridinio derivative 26+. 
The observations of the three NMR experiments may be summarized as follows: 
i) Reaction of 26+ with trifluoroacetic acid produces a new carbenoid complex cation 28+ 
along with [C5H5NH]+. 
ii) Clean formation of 28+ requires an at least sevenfold excess of acid. This can be explained 
in terms of the dissociation equilibrium 26+ D 28+ + C5H5N (Scheme 57). The higher proton activity 
shifts the equilibrium more to the right side. At lower proton concentration the product of proton 
transfer, 21+, is formed as well. A rationale for this outcome could be deprotonation of initially 
formed carbenoid complex 28+ to give 18 followed by protonation with ensuing formation of 19+ and 
rearrangement to 21+. Since 21+ was not found among decomposition products of 28+, the most 
straightforward mechanism involving intramolecular 1,2-hydrogen shift[122] could be ruled out. 
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Figure 18. 1H NMR spectra of the reaction mixtures: protonation of 18 with CF3CO2H (1:14) generating 19+ (top) and reaction of 26+ with 
CF3CO2H (1:14) generating 28+ (bottom). * denotes solvent (CHDCl2), a – [C5H5NH]+, b – CF3CO2H, c – [C5H5NH]+. 
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2.7.2 Deprotonation of 28+ by Et3N and Formation of CpCo[h4-C4HantiMe3(CH2)] (35) 
 
Since the new s,h4-butadienyl complex cation [CpCo(s,h4-C4HantiMe4)]+ (28+) appeared to be 
rather unstable and several attempts to isolate it in pure form failed, it was decided to trap it by an 
indirect way. Complex cations 19+ and 28+ are expected to have very similar chemical reactivity and 
hydrogen atoms b to the carbenoid carbon should be acidic as is common to Fischer carbene 
complexes.[116b,124d] Having found the reaction of 19+ with Et3N to result in the deprotonation of the 
methyl group attached to the carbenoid carbon, it was anticipated that the same reaction with 28+ 
would also afford a hexa-1,2,4-triene complex, but with different stereochemistry at C-5. Finally, 
knowing the hexa-1,2,4-triene complex with appropriate stereochemistry (terminal methyl group in 
syn configuration) 28+ could also be generated from it in pure form by protonation. This indirect way 
would eliminate the problem of separation from pyridinium salts. 
Addition of an excess of Et3N to the ice-cold mixture of (26)BF4 and CF3CO2H (1:14) in 
CH2Cl2 followed by dilution with hexane resulted in a two phase system. A dark red phase below 
obviously contained [Et3NH]CF3CO2 and possibly unreacted (26)BF4 and cationic cobalt complexes 
from decomposition of 28+. Since the complex of interest should be neutral it should be contained in 
the light orange hexane phase. Work up by filtration through alumina and removal of all volatiles 
yielded an orange-red solid. The 1H NMR (200 MHz, CD2Cl2) spectrum of the raw product displayed 
three signals for methyl groups present in the new complex 35: two as singlets (d = 1.86, 2.18) and 
one as a doublet (d = 1.31, J = 6.45 Hz) which was coupled to a single proton appearing as a 
quadruplet (d = 0.50, J = 6.45 Hz) and the Cp singlet of high intensity at 4.63 ppm. Two doublets at 
low field at 4.72 ppm (J = 2.08 Hz) and 4.88 ppm (J = 2.08 Hz) were assigned by analogy with 25 to 
the vinyl protons of the uncoordinated double bond. Altogether the 1H NMR spectra of the new 
complex 35 and that of 25 are very similar, showing differences only in the chemical shifts of the 
doublet-quadruplet pattern. Reasonably this difference arises from the different stereochemistries at 
the terminal carbon C-5 of the diene moiety. The doublet and the quadruplet have interchanged 
positions in the spectrum of 35 relative to the positions in 25 making the assignment straightforward. 
Notably, the signal assigned to 4-Me of 35 according to an HMBC spectrum appeared as a not well 
resolved doublet due to a 4J coupling with 5-H. This feature was already observed in the spectrum of 
the starting complex (26)BF4 (subchapter 2.5.4) and confirms the anti position of the terminal 
hydrogen in 35. The spectra of 25 and 35 are presented for comparison in Figure 19. Hence 35 is 
closely related to 25 and assigned an (2–5h)-(3Z,4E)-3,4-dimethylhexa-1,2,4-triene structure 
(Scheme 65). 
  
Figure 19. 1H NMR spectra of hexatriene complexes 25 (top) and 35 (bottom). * denotes solvent (CHDCl2). 
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Scheme 65. 
 
However, the yield of 35 in the procedure described above was very low, varying between 10 to 5% 
since the base added for deprotonation preferentially is scavenged by the acid present to shift the 
equilibrium 26+ D 28+ + C5H5N (Scheme 57). A procedure that improved the yield up to 57% 
consisted in mixing the reagents in reverse order. The mixture of (26)BF4 and CF3CO2H (1:14) in 
CH2Cl2 was added dropwise to a solution of the base. In this way Et3N is in excess for most of the 
reaction course which allows the product to accumulate without further protonation. In addition, a 
slurry of alumina in a Et3N/hexane mixture was utilized to trap pyridinium and ammonium salts. 
Workup by filtration through a short plug of alumina gave an easy to handle, orange-red, crystalline 
solid with a low melting point. Crystallization from hexane at –80 C° afforded a spectroscopically 
pure sample of 35. Compound 35 is readily soluble in most organic solvents and relatively stable 
towards air in the solid state. 
 
 
2.8 Reactions of (2–5h)-3,4-Dimethylhexa-1,2,4-triene ? omplexes 25 and 35  
 
 
2.8.1 Protonation of 25 and 35 with CF3CO2H 
 
Protonation of alkenyl complexes is known to generate the corresponding carbene 
complexes.[122b,d,157] Therefore, protonation of the =CH2 group in the hexatriene complexes 25 and 35 
is expected to afford h4(5e)-butadienyl complexes. Furthermore, the interrelationship between h4(5e)-
butadienyl and hexa-1,2,4-triene complexes established by Green et al. at an example of (cyclopenta-
dienyl)[(2–5h)-(3Z,4E)-3,4-dimethylhexa-1,2,4-triene]chloro(trimethylphosphite)molybdenum[102c] 
suggested a general route to h4(5e)-butadienyl complexes via protonation of (2–5h)-penta-1,2,4-
triene type complexes.  
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Addition of one equivalent of CF3CO2H to a CD2Cl2 solution (NMR experiment) of complex 
25 resulted in formation of some insoluble material and a poorly resolved spectrum. Nevertheless, 
two singlets at 1.59 and 4.55 ppm were readily assigned to the cyclobutadiene complex 18; signal 
intensities indicated 60% conversion. This result is understood as follows: due to the use of only an 
equimolar amount of acid and hence low proton activity equilibrium 25 + H+ D 19+ is balanced 
leaving both complexes present in the mixture. Now the hexatriene complex acting as a weak base 
deprotonates the carbenoid complex to give the cyclobutadiene complex. Previously, the formation of 
complex 18 was observed in the one-to-one reactions of the carbenoid complex 19+ with NEt3, 
C5H5N, PPh3 and in DMSO, a medium characterized as weakly basic.  
In a second NMR experiment 25 was treated with 7 equivalents of CF3CO2H. This time 19+ 
was produced in a very clean reaction as a single product. The two protonation experiments are 
summarized in Scheme 66. 
 
Scheme 66. 
 
Attempted protonation of the complex 35 produced unexpected results and show a remarkable 
difference in chemical reactivity between the stereoisomers. Addition of an equivalent amount of 
trifluoroacetic acid to the CD2Cl2 solution of 35 in the NMR tube at ambient temperature produced a 
significant amount of insoluble material and a multitude of signals that could not be assigned to any 
known species. Similarly protonation of 35 with excess of acid at low temperatures [CF3CO2H (7 
equivalents); –40 °C] resulted in a very low quality spectra from which no products could be 
identified. 
The fact that generation of 28+ failed may indicate two possibilities. Either protonation of 35 
did not generate the carbenoid complex 28+ or the initially formed carbenoid complex underwent fast 
reactions. A feasible reaction could be the attack of 28+ at the methylene group of 35, a reaction 
similar to the reaction between CpFe(CO)2(h1-CH=CH2) and [CpFe(CO)2=C(H)(CH3)]+ observed by 
Bodnar and Cutler,[122b] which leads to the b-metallocarbonium ion complex 
[CpFe(CO)2CH2CHCH(CH3)Fe(CO)2Cp]+ as the major product. For this reaction the authors 
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proposed a mechanism that entails electrophilic attack of the carbene complex at the b position on the 
vinyl ligand of the vinyl complex. 
 
2.8.2 Reaction of 25 and 35 with [C5H5NH]Tf 
 
Low temperature NMR tube experiments described in subchapter 2.5.4 were interpreted in 
terms of a reaction between the hexatriene complex 25 and [C5H5NH]+ to yield the pyridinio complex 
27+ with the 4-Me group in anti position. Stable below –70 °C, this complex underwent 
stereoisomerization at higher temperatures and in the presence of an excess of pyridine to yield the 
isomeric complex cation 26+. This result was now utilized to develop a preparative procedure for the 
synthesis of (26)CF3SO3. Thus, addition of pyridine to the mixture of equivalent amounts of 25 and 
[C5H5NH]CF3SO3 followed by dilution with CH2Cl2 produced a dark-red transparent solution. Note 
the use of a large excess of pyridine [CH2Cl2/C5H5N = 3/2 (v/v)], and the order of addition. Since the 
reaction between the hexatriene complex and the pyridinium salt to yield 18 is fast at ambient 
temperature, pyridine should be added prior to CH2Cl2. Work up by precipitation followed by 
purification steps afforded (26)CF3SO3 in excellent yield (94%) (Scheme 67). This procedure is 
effective for the preparation of pure salts (26)X from any available [C5H5NH]X. It is more convenient 
if compared to the direct method utilizing 19+ since in some cases preparation of acid free salt (19)X 
can be difficult. Admixture of acid in the carbenoid complex (19)X will contaminate (26)X with 
[C5H5NH]X and makes isolation of pure pyridinio complex difficult. 
 
Scheme 67. 
 
In the previous subchapter the difference in reactivity of the two isomers 25 and 35 towards 
CF3CO2H was described. It remains to study the reactions of the hexatriene complex 35 with a 
pyridinium salt, e.g. [C5H5NH]CF3SO3. Mixing 35, [C5H5NH]CF3SO3 (1:1) and CD2Cl2 in an NMR 
tube produced a brownish turbid solution and some insoluble material. The proton spectrum exhibited 
the same complex picture as was observed when complex 35 was treated with trifluoroacetic acid. A 
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multitude of signals in the Cp and methyl regions suggested several products, however no known 
complexes could be identified. A rationale for the outcome of this experiment would be proton 
delivery from [C5H5NH]+ to initially produce the carbenoid complex cation 28+ which then undergoes 
follow-up reactions as considered in the previous subchapter. Formation of 26+ in this experiment can 
not be completely ruled out, although it will be in equilibrium with the carbenoid complex by virtue 
of the equilibrium 26+ D 28+ + C5H5N (Scheme 57). However, when the same reaction was 
performed with a 7 fold quantity of pyridine, added before the CD2Cl2, clean formation of 
(26)CF3SO3 as the major product (86%) was observed (Scheme 68). Under these conditions the NMR 
tube contained a red transparent solution without insoluble material. The spectrum displayed sharp 
signals corresponding to the pyridinio complex. This result is in accordance with the notion that 
dissociation of pyridine from 26+ is suppressed; i. e. the dissociation equilibrium (Scheme 57) is 
shifted to the left. 
 
 
Scheme 68. 
 
In conclusion it can be noted that both isomers 25 and 35 react in the presence of an excess of 
pyridine with [C5H5NH]+ to yield the pyridinio complex cation 26+. Both cases necessitate the 
formation of the corresponding carbenoid complexes cations 19+ or 28+ respectively as intermediates. 
In the case of the Z isomer 25 the reaction in addition includes stereoisomerization at C-4. 
 
2.8.3 Reaction of 25 with [Ph3C]BF4 
 
Reaction of the hexatriene complex 25 with trityl cation (as the tetrafluoroborate salt) in 
CH2Cl2 produced a dark brown solution. Precipitation by diethylether afforded brown microcrystals 
of (36)BF4 (Scheme 69), which was characterized by NMR spectroscopy and elemental analysis. The 
assignments of the signals in the 1H and 13C NMR spectra and thus the structure were derived 
utilizing a combination of HSQC, HMBC, and NOE techniques. 
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Scheme 69. 
 
In the 1H NMR spectrum (Figure 20) four singlets at 1.61, 1.77, 2.71 and 5.52 ppm were 
readily assigned to three methyl groups and a Cp ring of the new complex. An intriguing feature are 
three doublets of doublets (d = –0.46, J = 14.95 Hz, J = 11.23 Hz; 3.33, J = 14.95 Hz, J = 1.46 Hz; 
6.12 J = 11.23 Hz, J = 1.46 Hz) with a relative intensity of 1H each. According to the HSQC 
spectrum the first two doublets of doublets belonged to hydrogen atoms bound to the carbon 
resonating at 54.6 ppm. The low field doublet of doublets is connected to a carbon resonating at 85.8 
ppm. This correlation together with the large value of J = 14.95 Hz assigned a geminal coupling 
constant indicated a CH–CH2 unit. Three low field multiplets at 7.14, 7.24 and 7.33 ppm with overall 
intensity of 15H suggested the presence of one CPh3 moiety in the new complex. The salient feature 
in the 13C NMR spectrum is a low field signal at 293.8 ppm indicating the presence of a carbenoid 
carbon in the new complex. Inspection of the HMBC spectrum allowed to unequivocally connect the 
three methyl groups to carbon atoms at 100.1, 121.2 and 293.8 ppm. The connectivity data suggested 
that these three carbon atoms together with a CH carbon at 85.8 ppm form a four-carbon backbone of 
a ligand. The 18e rule and the presence of a carbenoid carbon then require a s,h4(5e)-butadienyl type 
ligand. Further analysis of the HMBC spectrum revealed that the CPh3 moiety is bound to the CH 
terminus of the butadienyl backbone via a CH2 connecting link. The stereochemistry at 4-C was 
resolved with the help of NOE spectra. When the resonance due to the 3-Me at 1.77 ppm was 
irradiated an increase of intensity of the signal at 6.12 ppm was registered indicating that 4-H is in syn 
position and the CH2 group is in anti position.  
Crystals that were suitable for a structural study were obtained as flat brown plates by 
crystallization from CH2Cl2/Et2O. The crystals contained one molecule of CH2Cl2 per two molecules 
of (36)BF4 as was also obvious by a singlet at 5.32 ppm in the proton spectrum taken from the 
crystals. The X-ray structure determination was hampered by a disorder of the CH2Cl2 molecules and 
loss of these from the crystal. Nevertheless, the quality was sufficient to confirm the atom 
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Figure 20. 1H NMR spectrum of (36)BF4. * denotes impurity of CH2Cl2 and solvent (CHDCl2). 
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Figure 21. Structure of the ion 36+ in the crystal of 
(36)BF4 (PLATON plot[165] at the 30% probability 
level). Hydrogen atoms except H4, H5A, H5B and 
the anion BF4– are not displayed. 
 
connectivity as deduced from the NMR data. The structure of the ion 36+ in the crystal of (36)BF4 is 
illustrated in Figure 21. The structure of 36+ displays a four-carbon chain bound to cobalt with a 
dihedral angle C1–C2–C3–C4 of 24°. One short interatomic distance [1.7 Å] between Co and the 
terminal atom C1 (in chemical notation C-1) is assigned the carbenoid Co=C bond. The structure 
determination also confirmed the anti position of the CH2CPh3 group at C4 (in chemical notation C-
4), which is bent away from the butadienyl plane. Noteworthy, the molecular structure is in good 
agreement with the NMR assignments within the CH–CH2 unit. The structural parameters also agree 
with the torsion angle dependence of the H–C–C–H vicinal coupling constants Karplus-Conroy 
dependence.[117a] The coupling constant of 11.23 Hz was assigned the three bond interaction 5-Hexo–
4-H which encloses a dihedral angle H5B–C5–C4–H4 of 20°. The smaller coupling constant of 1.46 
Hz corresponding to a cis interaction 5-Hendo–4-H and is characterized by a dihedral angle H5A–C5–
C4–H4 of 41°. 
Thus, an electrophilic addition in contrast to hydride abstraction had occurred at the neutral 
hexatriene complex leading to a butadienyl ligand with incorporation of a trityl group. However, the 
new butadienyl complex cation 36+ is not the product which results from a simple addition of the 
 103 
electrophile to C-1 of 25, but involves a rearrangement within the chain. Since no intermediates were 
seen in the NMR experiment the exact mechanism remains unknown. Two possible reaction paths 
can be considered: 
 
i) electrophilic attack at C-1 followed by a 1,4-hydrogen shift or 
ii) single electron transfer followed by rearrangement and finally recombination of the 
radicals.  
 
In the first case electrophilic attack of the trityl cation at C-1 generates a carbenoid complex 
with a CH2CPh3 substituent at the carbenoid carbon (Scheme 70). 1,4-hydrogen shift of 4-H from C-4 
to the opposite end will generate a carbenic carbon atom C-4 which is the observed product. It is not 
clear why in such a rearrangement the migrated hydrogen atom should appear with 100% selectivity 
in the syn rather than in the anti position. This is the drawback of this rationale. Possibly steric 
interactions of phenyl groups with methyl groups and the Cp ring are minimized when the CH2CPh3 
group is in the anti position. 
 
 
Scheme 70. 
 
Alternatively electron transfer from 25 to [Ph3C]+ initially produces a 17 electron radical 
cation (Scheme 71). C–H activation of the methyl group at C-4 by cobalt with subsequent [1,6]-
hydrogen shift leads to a more stable radical cation where the unpaired electron is delocalized over 
the pentadienyl ligand. Notably, the same radical cation could originate from [1,4]-hydrogen shift of 
4-H to the syn position at C-1. A similar 1,4-hydrogen shift, although in the reversed direction, was 
observed by Kirchner et al.[138] and afforded the cationic hexatriene complex [CpRu(h3-
CH2C(CH2Ph)CH-h1-C=CH-Ph)(SbPh3)]PF6 from the butadienyl carbene complex 
[CpRu(=CHC(CH2Ph)CH-h2-CH=CH-Ph)(SbPh3]PF6. The two different hydrogen shifts can not be 
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distinguished without labeling studies. Finally, Ph3C· reacts with the less hindered end of the carbon 
chain to give the carbenoid cation 36+. 
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Scheme 71. 
 
2.8.4 Z/E Isomerization with Formation of (m-C5H3Me3)(CoCp)2 (Co–Co) (37)  
 
In the course of the preparation of the stereoisomers of the hexatriene 25 and carbenoid 
(19)BF4 complexes the possibility of a direct isomerization of 25 to 35 at elevated temperature was 
tested, since this reaction would be the most straightforward approach and a ready alternative to the 
deprotonation of the carbenoid complex cation 28+. The experiment was prompted in analogy to the 
observation of M. Murakami and Y. Ito that [(1–4h)-(2E,3E)-trimethyl-(5-methyl-2-phenyl-hexa-
1,3,4-trienyl)-silane]chloro(triphenylphosphine)rhodium underwent gradual isomerization to the 
2Z,3E isomer at 70 °C.[136] 
When a sample of 25 in C6D5CD3 was heated at 60 °C for 18 hours no changes were observed 
in the 1H NMR spectrum. Similarly, no reaction was registered when the temperature was raised to 70 
°C and the sample was heated for 5 hours. Finally, after 14.5 hours at 80 °C new signals had appeared 
in the 1H NMR spectrum which could be assigned to 35. The ratio of isomers 25 to 35 was roughly 
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5:1. This clearly showed that Z to E isomerization occurred within the hexatriene ligand in 25 
(Scheme 72). 
 
Scheme 72. 
 
However, the signals of 35 were not the only new signals in the NMR spectrum. Two doublets 
of doublets at –0.34 and 2.92 ppm, three singlets at 1.11, 1.84 and 2.47 ppm and two singlets assigned 
to Cp ring protons at 4.33 and 4.60 ppm suggested the presence of further complexes. In the 1H NMR 
spectrum recorded after 20.5 hours at 80 °C a further increase of 35 was observed, but the new 
species had also increased as manifested by the intensity of the signals at 4.33 and 4.60 ppm. Of 
particular significance was a new doublet of doublets at 1.47 ppm with coupling constants of J = 0.98 
Hz, J = 6.83 Hz, together with doublets of doublets at –0.34 ppm (J = 0.98 Hz, J = 10.25 Hz) and 2.92 
ppm (J = 10.25 Hz, J = 6.83 Hz) forming an AMX pattern and indicating a vinyl group CH2=CH–. 
Comparison of the chemical shifts of the new species with those of [m-2(1–3h):1(4,5h)-(1Z,2Z,3Z)-1-
methylpenta-2,4-dien-1-ylidene-1kC1]bis[(h5-cyclopentadienyl)cobalt] (Co–Co) characterized by 
Vollhardt and King[158] showed remarkable similarities, especially in the values of the coupling 
constants. Hence, two singlets of equal relative intensity in the Cp region at 4.33 and 4.60 ppm 
correspond to a new complex 37 which was assigned the structure of [m-2(1–3h):1(4,5h)-(1Z,2Z,3Z)-
1,2,3-trimethylpenta-2,4-dien-1-ylidene-1kC1]bis[(h5-cyclopentadienyl)cobalt] (Co–Co) (Scheme 
73). 
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The closely related [m-2(1–3h):1(4,5h)-(1Z,2Z,3Z)-1-methylpenta-2,4-dien-1-ylidene-1kC1]bis[(h5-
cyclopentadienyl)cobalt] (Co–Co) had been generated from (h5-cyclopentadienyl)((1–4h)-(3Z,4E)-
1,3,5-hexatriene)cobalt as the result of two vinyl-hydrogen rearrangements.[158] On heating to 60–80 
°C this complex underwent a [1,6]-H shift to give [m-2(1–3h):1(4,5h)-(1Z,2Z,3Z)-hexa-2,4-dien-1-
ylidene-1kC1]bis[(h5-cyclopentadienyl) cobalt] (Co–Co) (Scheme 74). Further elevation of the 
temperature up to 100 °C induced a further [1,5] hydrogen shift and yielded the second isomer. 
 
Scheme 74. 
 
Hexa-1,2,4-trienes are known to undergo thermally induced [1,5] sigmatropic hydrogen shifts 
to give hexa-1,3,5-trienes,[159] however, neither a hexa-1,3,5-triene complex, nor the product that 
would correspond to a [1,6]-H shift were observed in the present work. Mechanistically, the 
transformation 25 " 37 is thought to involve liberation of one hexatriene ligand, scavenging of a 
“CpCo” by second a molecule of 25 and a formally [1,4]-H shift to give the product. 
When the thermolysis of 25 was monitored further, after 156.5 hours at 80 °C eventually 25 
had almost disappeared and the ratio of 25:35:37 was 0.3:4.2:6.1. In the initial part of thermolysis the 
reaction mixture contained more 35 than 37; after 14.5 hours the ratio 35:37 was 3.4:4.5. This change 
in the product ratio could have two reasons: i) the syn isomer 35 is unstable and decomposes while 37 
is accumulated or ii) thermolysis of 35 also gives 37. To find out what is responsible, a thermolysis of 
35 was performed under the same conditions. Heating the sample at 60 °C for 18 hours did not cause 
any change in the 1H NMR spectrum, likewise when the reaction mixture was heated at 70 °C for 5 
hours. After thermolysis for 39 hours at 80 °C two singlets of low intensity at 4.33 and 4.60 ppm 
attributable to the Cp groups in 37 were seen in the spectrum and the ratio of 35:37 was 6.5:0.9. This 
result proves that the thermolysis of 35 also leads to 37 (Scheme 75), however, at a much lower rate. 
Probably the same intermediates are involved in both transformations 25 " 37 and 35 " 37. 
The thermolysis of 35 was also investigated at higher temperatures. The rate of transformation 
to the dinuclear complex increased, and no complex 25 was observed. Thus the Z isomer thermally 
transforms into the E isomer, but the reverse reaction does not take place. This means that complex 
35 is the thermodynamically favoured isomer. Similarly, M. Murakami and Y. Ito had shown that the 
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Scheme 75. 
 
chloro(triphenylphosphine)rhodium complex with a (2Z,3E)-trimethyl-(5-methyl-2-phenyl-hexa-
1,3,4-trienyl)silane ligand did not undergo isomerization.[136] It is interesting to correlate this outcome 
with structural features of 25, and those of related chloro(triphenylphosphine)rhodium complexes. In 
both cases the residue at C-5 in anti position deviates from the plane of the diene subsystem away 
from the metal which is obviously a result of a repulsive interaction between this substituent and the 
metal atom. For [(1–4h)-(2Z,3E)-trimethyl-(5-methyl-2-phenyl-hexa-1,3,4-trienyl)silane]chloro 
(triphenylphosphine)rhodium and other structurally characterized (2–5h)-penta-1,2,4-triene type 
complexes even bulky substituents in syn position at C-5 were found to be nearly coplanar with the 
h4-coordinated skeleton.[136,133,134,135a] The difference in thermodynamic stability of 25 and 35 appears 
to reflect steric repulsion in 25, which should raise the ground state energy of 25 relative to that of 35.  
A ring-flipping mechanism was suggested by M. Murakami and Y. Ito to explain the 
isomerization of their chloro(triphenylphosphine)rhodium complexes, which similarly accounts for 
the isomerization of 25 to 35 (Scheme 76). A number of the group 4[142c,140] and 6[142c] butadiene 
complexes exhibit fluxional behavior which has been explained in terms of rapid ring inversion, 
occurring  via  a   planar  metallacyclopentene   intermediate.  The  actinide  h4-butadiene  complexes  
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undergo a similar inversion which is rapid on the NMR time scale at high temperatures.[141] The data 
on free energies of activation, DG#, for metallacyclopentene ring inversion in diene complexes 
suggest that the free energy requirements to reach the metallacyclopentene transition state should 
decrease as the s2,p-character of the ground state increases.[140,141] Notably, structural studies on 25 
and other (2–5h)-penta-1,2,4-triene complexes revealed a significant s-bond character of the bonding 
mode.[102c,133,134,135a,136] 
In contrast to early-metal and actinide diene complexes, thermal pairwise syn/anti 
interconversion for the group 8 metals are rare and were observed only for (cyclopentadienyl)cobalt 
complexes at elevated temperatures in the work of Siegel et al.[142b] It was shown that for the highly 
substituted cobalt complex CpCo[h4-cis,trans-CH(CO2C4H7)=C(SO2Ph)C(TMS)=CH(CO2C4H7)] the 
activation energy of isomerization is lower than the one determined for the parent diene complex 
CpCo(h4-1,3-cis-butadiene),[143] which points to the fact that substituents at the diene exert a 
significant effect on the barrier of syn/anti interconversion processes.  
From a synthetic point of view the thermolysis of 25 to give 35 is not a good alternative to the 
procedure which utilizes deprotonation of the carbenoid complex cation 28+ since it is not possible to 
produce 35 in high yield and requires a long time to bring the isomerization to completion. However, 
the thermolysis of the hexatriene complex 25 provided a good approach to the new complex 37. Thus, 
heating a toluene solution of 25 at 110 °C for four days, followed by chromatography afforded 37 in 
excellent yield as a spectroscopically pure black microcrystalline material. 
The new complex 37 is readily protonated with acids (e.g. HBF4 in ether) (Scheme 77). The  
 
Scheme 77. 
 
1H NMR spectrum of the resulting cation 38+ displays two singlets of equal intensity for two CoCp 
moieties, two signals for methyl groups, one appearing as a doublet with J = 2 Hz, and a broad signal 
at remarkably high field (d = –17.26) which is assigned to an agostic hydrogen. The absence of the 
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former AMX pattern with its characteristic multiplets indicates that protonation occurred at the vinyl 
group CH2=CH– of 37. The shift of the agostic hydrogen to rather high field suggests that it is in a 
bridging position between the two metal centers.[124e] The fact that the agostic hydrogen couples to 
both methyl groups at C-1 and at C-1’ along with the broken lateral symmetry in the 13C NMR 
spectrum points towards a moderately slow exchange of this hydrogen between C-1 and C-1’. A 
preliminary X-ray structure determination confirmed the atom connectivity (C, Co) as deduced from 
the NMR data. 
Previously, protonation of the diene complexes [CpM(h4-diene)] (M = Co, Rh; diene = 2,3-
dimethylbutadiene) to give species with agostic H-bridges had been shown to be reversible.[160] 
Attempted deprotonation of the cation 38+ with excess Et3N or pyridine produced a complex mixture 
of products, but neither the starting complex 37 nor the neutral dinuclear complex with the 
cobaltacyclopentadiene structure were formed. This outcome is not surprising since the reaction of 37 
with acids is not a simple protonation but involves an irreversible rearrangement.  
 
 
2.9 Conclusion 
 
The work presented here documents reaction chemistry of the first 3d metal s,h4-butadienyl 
complex ions. The starting complex cation [CpCo(s,h4-C4HsynMe4)]+ (19+) was formed as a single 
stereoisomer with 100% stereoselectivity in the reactions of the tetramethylcyclobutadiene complex 
18 with acids. The formation of 19+ from 18 is a clean reaction only under strongly acidic conditions. 
This carbenoid complex has exhibited some unique features which were not observed for other 
complexes of this type. Depending on the proton activity deprotonation of 19+ produced the new 
hexatriene complex (25) or gave back the cyclobutadiene complex which clearly indicated that the 
protonation/ring-opening sequence of 18 is reversible. The formation of 25 from 19+ is a clean 
reaction only under strongly basic conditions. A ring closure of a s,h4-butadienyl ligand to give a 
cyclobutadiene ligand has not previously been observed. The carbenoid complex is a highly reactive 
species and undergoes an unusual thermal rearrangement via 1,5-hydrogen shift affording a half-open 
cobaltocenium complex.  
The complex cation 19+ is prone to nucleophilic addition reactions, however, being a strong 
acid it may also be deprotonated by nucleophiles. In reactions with pyridine a dual behavior was 
observed leading to four products. Controlling the reaction conditions, that is temperature, time and 
the amount of pyridine, we were able to drive the system towards one of the four products. Two 
neutral complexes, one of kinetic control (25) and one of thermodynamic control (18), were formed 
due to a deprotonation reaction channel. Nucleophilic addition at low temperatures produced the 
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highly reactive, h4-diene type complex cation 27+, which during warm up and in presence of a large 
excess of pyridine underwent stereoisomerization at one of the termini of the butadienyl ligand to 
yield complex cation 26+. This complex was characterized by X-ray diffraction and showed 
interesting structural features. Previously pairwise syn, anti isomerization was observed for neutral 
h4-diene complexes, which in contrast interchanged substituents at both ends of the four carbon 
chain. The irreversible isomerization of 27+ with formation of the more robust stereoisomer 26+ 
opened a route to sterically less crowded complexes with the terminal methyl group in syn-position. 
Nucleophilic substitution of the pyridine moiety in 26+ with other nucleophiles produced h4-diene 
derivatives, while excess of acid successfully generated the carbenoid cation 28+. Due to the 
instability of the s,h4-butadienyl complex ion 28+ its reaction chemistry could only be studied in 
lesser detail. However, like isomer 19+ and like Fischer-type carbene complexes it underwent 
deprotonation to yield the hexatriene complex 35 (a stereoisomer of 25). The two hexatriene 
complexes could be interrelated via direct isomerization at elevated temperatures, complex 35 being 
the lower-energy isomer. 
It was shown that the isomeric hexatriene complexes exhibited different reactivity towards 
protons. Only the complex with the 4-methyl group in anti position, 25, could be reversibly 
protonated to give the corresponding carbenoid cation. In the reaction of 25 with trityl cation another 
carbenoid complex cation [CpCo(s,h4-C4Hsyn(CH2CPh3)Me3)]+, 36+, was produced. This reaction 
involved a complicated rearrangement. 
Noteworthy is the electrocyclic ring-closure observed in reactions of tert-butylisocyanide with 
the carbenoid complex cation 19+ and likewise with the pyridinio derivative 26+. In both cases the 
aminocobaltocenium ion [CpCo{C5Me4(NHtBu)}]+ (24+) was formed. Similarly protonation of the 
nitrile complex CpCo(C4HMe4CN) produced [CpCo{C5Me4(NH2)}]+ (34+). This result, together with 
previous findings of Green et al.,[148] suggested a common mechanism and may serve as general 
method for the synthesis of aminocobaltocenium ions [CpCo{C5Me4(NHR)}]+. 
It is assumed that this work will be especially interesting to scientists working in the fields of 
C–H activation, ring opening, ring closure, and isomerization of unsaturated carbon chain ligands in 
the coordination sphere of transition metals as well as to scientists particularly interested in the 
chemistry of complexes with s,h4-butadienyl type ligands. 
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3. Summary 
 
The first part of the present thesis is devoted to the development of the chemistry of the 
(tetramethylcyclobutadiene)cobalt complex fragment and especially of tris(ligand) complexes 
[Cb*Co(L)3]+. The iodide Cb*CoI(CO)2 (4) and the complex cations [Cb*Co(CO)3]+ (1+) and 
[Cb*Co(C6H6)]+ (3+), first obtained by P. L. Pauson et al. in 1987, were used as starting materials for 
the preparation the [Cb*Co(L)3]+ species. 
The tricarbonyl complex cation 1+ is substitution-labile at ambient temperature. A thermal 
monosubstitution is achieved in the favorable case of PMe3. Irradiation combined with a purging 
stream of N2 effects an exhaustive decarbonylation and affords 8+ (Scheme 78). 
 
 
Scheme 78. 
 
Irradiation of (1)BF4 in acetonitrile produces mixtures of the mono- and disubstitution 
products; if a purging stream of N2 is applied, [Cb*Co(MeCN)2(CO)]BF4 [(6)BF4] is formed in a 
mixture with [Cb*Co(NCMe)3]BF4 [(2)BF4] (Scheme 79).  
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Photolysis of [Cb*Co(C6H6)]PF6 [(3)PF6] in acetonitrile or in liquid ammonia affords the 
complexes [Cb*Co(NCMe)3]PF6 [(2)PF6] and [Cb*Co(NH3)3]PF6 [(11)PF6] in almost quantitative 
yield. Heating of the acetonitrile solution of (3)PF6 to reflux temperature effects the displacement of 
the benzene ligand and provides a more straightforward approach to (2)PF6 as compared to irradiation 
(Scheme 80). 
Complex cation 2+ is substitution-labile and readily reacts with a wide variety of 2e-ligands 
such as CNtBu, P(OMe)3, and C5H5N to afford substitution products [Cb*Co(L)3]+ (Scheme 80). 
Substitution with CN– gives [Cb*Co(CN)3]2–. 
  
Scheme 80. 
 
Single-crystal structure determination of (1)BF4 showed remarkably long Co–Cb (ring plane) 
bond distance of 1.777(2) Å (av.). The metal-to-ring distance in (2)PF6 is shorter [1.68(1) Å (av.)], in 
agreement with expectation. An electrochemical study of the compounds (2)PF6, (8)BF4, (9)PF6, 
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(13)PF6, (16)PF6, and 17 reveals chemically fully reversible oxidation reactions. Hard donor ligands 
(CN–, C5H5N, NCMe) stabilize the CbCo2+ fragment more than the soft donors [PMe3, CNtBu, and 
P(OMe)3]. 
In the second part of the present thesis reaction chemistry of the new s,h4-butadienyl complex 
ion [CpCo(s,h4-C4HMe4)]+ (19+), formed by protonation of CpCoCb* (18), and some closely related 
chemistry of the products obtained were investigated. Clean transformation 18 " 19+ (Scheme 81) 
requires an at least 5-fold excess of acid suggesting a primary protonation equilibrium 18 + H+ D 
(18H+). Although (18H+) has not been observed experimentally, the rearranged cation 19+ was 
isolated as the tetrafluoroborate (19)BF4 in quantitative yield (97%) and was characterized by 
conventional NMR techniques and an X-Ray study. The structure of (19)BF4 displays an h4-
butadienyl-type ligand with Co–C(carbene) distance of 1.792(6) Å and a terminal methyl group in 
anti position. 
 
Scheme 81. 
 
Preferential protonation from the endo side and stereospecific ring-opening were invoked to 
explain formation of 19+ as contrathermodynamic stereoisomer and with 100% stereoselectivity. 
The protonation of the cyclobutadiene complex 18 was shown to be reversible under 
conditions of low proton activity. Deprotonation of 19+ with one equivalent of NEt3 mainly produces 
18 (60%) (Scheme 82), and in DMSO 19+ is deprotonated by the solvent and also gives 18 (67%). 
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Deprotonation of a terminal methyl group of 19+ with excess NEt3 affords 
(cyclopentadienyl)[(2–5h)-(3Z,4Z)-3,4-dimethylhexa-1,2,4-triene]cobalt (25) in high yield (83%) 
(Scheme 82). The structure of 25 has been determined by X-ray work. 
The carbenoid cation 19+ is a highly reactive species. At temperatures above –10 °C it 
undergoes a thermal rearrangement to produce the half-open cobaltocenium ion [CpCo(h5-
C5H4Me3)]+ (21+) (Scheme 83). 
 
Scheme 83. 
 
Deuteration experiment unequivocally substantiates the rearrangement mechanism for the 
conversion 19+ " 21+ as a 1,5-hydrogen shift from the anti methyl group (C-5) to the carbenoid 
carbon atom (C-1). For this rearrangement first order kinetics was found (1H NMR, CD2Cl2) with k1 = 
1.6 ´ 10–4 s–1 at 22.5 °C. The moderate free enthalpy of activation (DG# = 94 kJ/mol at 22.5 °C) for 
this process indicates strong metal assistance for the C–H activation at the anti methyl group. 
Reaction of (21)BF4 with DIBALH regioselectively produced the symmetrical complex CpCo(h4-3,4-
dimethylhexa-2,4-diene) (23) with both terminal methyl groups in syn position. 
The carbenoid ion 19+ underwent nucleophilic addition reactions. Addition of CNtBu with 
concomitant rearrangement produced a (tert-butylamino)cobaltocenium ion 24+ (90%) (Scheme 84). 
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With pyridine four reaction channels were revealed by low-temperature NMR spectroscopy: i) 
reversible deprotonation to form hexatriene complex 25; ii) reversible nucleophilic addition at the 
carbenoid center to form a pyridinio complex 27+ with a terminal methyl group in anti-position; iii) 
stereoisomerization to form a pyridinio complex 26+ with the terminal methyl group in syn-position; 
iv) very slow formation of the cyclobutadiene complex 18. This chemistry is summarized in Scheme 
85. 
  
Scheme 85. 
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around the N–C bond. The structure of (26)CF3SO3 showed considerable steric crowding with the 
pyridine ring being almost orthogonal to the plane of the four-carbon chain bound to cobalt. 
Nucleophilic addition of excess PPh3 (7 eq) to 19+ gave a phosphonio complex 31+, again with 
stereoisomerization, in near quantitative yield (98%). 
To show the feasibility of nucleophilic exchange of pyridine in complex cation 26+ several 
reactions with nucleophiles were performed. Substitution with 4-picoline afforded the 4-picoline 
addition product (32)BF4 (96%). With CN– a hexa-2,4-dienenitrile complex 33 was obtained (85%). 
With CNtBu (24)CF3SO3 was formed. With allylmagnesium chloride 3,4-dimethylhexa-2,4-diene 
complex (23) was formed (Scheme 86). 
 
Scheme 86. 
 
Nitrile complex 33 could be protonated to give an aminocobaltocenium ion [CpCo{C5Me4(NH2)}]+ 
(34+), isolated as (34)BF4 in 94% yield. 
Acid removes pyridine from 26+ to produce a carbenoid ion 28+ with a 4-Me group in syn-
position (a stereoisomer of 19+) (Scheme 87). The new complex ion is labile and decomposes above –
20 °C. It could be characterized by its NMR spectra only. However, deprotonation of 28+ with excess 
NEt3 at 0 °C affords a hexatriene complex 35 (a stereoisomer of 25) in good yield (57%) (Scheme 
87). 
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Scheme 87. 
 
On treatment with a large excess of CF3CO2H (³ 7 eq) the hexatriene complex 25 
quantitatively reverts to the carbenoid complex 19+, while one to one reaction affords the 
cyclobutadiene complex 18 (Scheme 88). 
 
 
Scheme 88. 
 
Reaction of 25 with (C5H5NH)CF3SO3 (–80 °C, 3 weeks) produced (27)CF3SO3 with 
retention of the stereochemistry at C-4 (NMR). However, when 25 reacted with (C5H5NH)CF3SO3 at 
ambient temperature the sandwich complex 18 was formed as the sole product. The same reaction in 
presence of a large excess of pyridine is accompanied by stereoisomerization and affords (26)CF3SO3 
(94%). Similarly reaction of 35 with (C5H5NH)CF3SO3 at ambient temperature and in presence of a 
large excess of pyridine gave (26)CF3SO3 (NMR). 
 Reaction of the hexatriene complex 25 with trityl cation (as the tetrafluoroborate) produced a 
new s,h4-butadienyl complex (36)BF4 (83%) (Scheme 89), which was characterized by a 
combination of NMR spectroscopy and elemental analysis. 
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Scheme 89. 
 
Thermolyses of 25 and 35 show that 35 is the lower-energy isomer and produce a dinuclear 
complex (m-C5H3Me3)(CoCp)2 (Co–Co) (37) (91%) with a bridging penta-2,4-dienylidene ligand 
(Scheme 90). 
 
 
Scheme 90. 
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4.       Experimental Section 
 
 
4.1       General Procedures: Synthetic Techniques and Analyses 
 
Reactions were carried out under an inert atmosphere of nitrogen by means of conventional 
Schlenk techniques. THF and Et2O were distilled from sodium benzophenone ketyl, acetonitrile and 
CH2Cl2 from CaH2. Hexane was distilled from potassium, toluene was distilled from sodium. Dry 
acetone was prepared by distillation from a NaI-acetone complex. Alumina for chromatography was 
deactivated with 5% water. A 400 W Philips sodium lamp SON-T or the pyrex-filtered output of a 
150 W mercury lamp were used in photolytic reactions. 
Elemental analyses were performed by Analytische Laboratorien Prof. Dr. H. Malissa und G. 
Reuter GmbH, D-51789 Lindlar. Melting points were determined on a Büchi 510 melting point 
apparatus and are uncorrected. NMR spectra were recorded on a Varian 200 (1H, 200.0 MHz; 
13C{1H}, 50.3 MHz; 31P{1H}, 81.0 MHz), on a Varian Unity 500 (1H, 500.0 MHz; 13C, 125.6 MHz; 
31P{1H}, 202.3 MHz) or on a Varian Inova 400 (1H, 400.0 MHz; 2H{1H}, 61.4 MHz; 13C, 100.6 
MHz). Chemical shifts are given in ppm; they were measured at ambient temperature and are 
referenced to internal TMS for 1H and 13C, and relative to H3PO4 (85%) as external reference for 31P. 
Varian 200 NMR spectrometer was used to follow reactions performed in NMR tubes. Product ratios 
and relative concentrations (normalized to 100%) of complexes were determined by integral 
intensities of the signals corresponding to Cp ligands if not specified otherwise. Integral intensities of 
the pertinent Cp ring signals were measured using the signal of the residual solvent protons as 
internal standard. Reagents in NMR tubes were mixed utilizing an ultrasonic bath at –80 °C when 
reactions were followed at low temperatures. IR spectra were measured on a Nicolet Avatar 360 FT 
IR instrument. Cyclic voltammetry was performed with an IJ Cambria Scientific CHI630A 
potentiostat at the Pt electrode using tetrabutylammonium hexafluorophosphate as the supporting 
electrolyte. Potentials are vs. SCE and have been standardized towards a ferrocene/ferrocenium 
potential vs. SCE of 0.400 V.  
 
4.2 Starting Materials 
 
Synthesis of [Cb*Co(CO)3]BF4 [(1)BF4]: A suspension of anhydrous aluminium chloride (16.5 g, 
124 mmol) in CH2Cl2 (40 mL) was cooled to 0 °C. A solution of 2-butyne (8.93 mL, 114 mmol) in 
dichloromethane (25 mL) was added dropwise with stirring over 30 min. After addition of more 
CH2Cl2 (35 mL) the mixture was allowed to warm to 20 °C and stirred for 1 h at 20 °C. 
Octacarbonyldicobalt (9.78 g, 28.6 mmol) was then added as one lot, and stirring was continued for 
120 
80 h. The reaction mixture was hydrolyzed with cold water at 0 °C. The organic phase was removed 
and the water phase was filtered. NaBF4 (8.0 g, 73 mmol) was added and the mixture was cooled 
down to 0 °C overnight. The precipitate was collected and dried under vacuum. The raw product was 
dissolved in acetone, and the solution was passed through a layer of alumina (2 cm). Concentrating 
the filtrate and addition of ether gave (1)BF4 (6.67 g, 35%) as a pale yellow powder.  
 
Elemental Analysis (calcd. for C11H12BCoF4O3, M = 337.95 g×mol–1): 
Calcd.: 
Found: 
C, 39.09%; 
C, 39.09%; 
H, 3.58%. 
H, 3.60%. 
 
13C{1H} NMR (50 MHz, [D3]MeNO2): 
d = 9.9 (C4Me4), 106.6 (C4Me4), 197.8 (br, CO). 
For further data see ref.[45] 
 
Synthesis of Cb*CoI(CO)2 (4): To the aqueous solution from a similar preparation [AlCl3 (10.6 g, 
80 mmol) in CH2Cl2 (40 mL), 2-butyne (5.74 mL, 73.5 mmol) in CH2Cl2 (25 mL), Co2(CO)8 (6.29 g, 
18.4 mmol)] were added trimethylamine-N-oxide Me3NO · 2H2O (1.99 g, 17.9 mmol) and NaI (18 g, 
0.12 mol). The mixture was stirred for 15 h. The brown precipitate formed was collected and dried 
under vacuum; the filtrate did not form any more product when a further lot of Me3NO was added. 
The raw product was dissolved in CH2Cl2, and the solution was passed through a 4 cm layer of 
alumina. After concentrating the filtrate and adding a six-fold volume of octane the solution was kept 
at –30 °C for 15 h to give 4 (4.79 g, 37%) as dark brown crystals. 
 
13C{1H} NMR (50 MHz, [D6]acetone): 
d = 10.2 (C4Me4), 94.2 (C4Me4), signals of CO groups not observed). 
For further data see ref.[45] 
 
Synthesis of [Cb*Co(C6H6)]PF6 [(3)PF6]: A round-bottomed flask was charged with benzene (20 
mL), octane (30 mL), iodide 4 (3.5 g, 10 mmol), and anhydrous aluminium chloride (13.4 g, 100 
mmol). The mixture was stirred and heated under reflux at ca. 130 °C for 8 h. After cooling to 20 °C 
the reaction mixture was carefully hydrolyzed with ca. 100 mL of cold water. The organic phase was 
separated and the water phase was filtered. Addition of NH4PF6 (1.63 g, 10 mmol) to the filtrate gave 
a yellow precipitate. For further purification acetone solution of the dry raw product was passed 
through a layer of alumina (2 cm). Concentrating the filtrate and addition of a large volume of ether 
gave (3)PF6 (2.44 g, 63%) as a pale yellow powder.  
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13C{1H} NMR (50 MHz, [D6]acetone): 
d = 10.1 (C4Me4), 94.7 (C4Me4), 99.8 (C6H6). 
For further data see ref.[45] 
 
4.3 Photolyses of [Cb*Co(CO)3]BF4 [(1)BF4] in Acetonitrile  
 
Photolyses were performed with the Pyrex-filtered output of a 150 W mercury lamp. Long 
thin Schlenk tubes (30 x 1.5 cm) were used to carry out irradiation and were cooled by tap water. 
Mercury lamp was cooled by circulating tap water through the jacket of the immersion well. Lamps 
and Schlenk tubes were placed in Dewar container to increase irradiation efficiency. 
 
Experiment 1: A sample of (1)BF4 (335 mg, 1.00 mmol) in a Schlenk tube was dissolved in 
acetonitrile (20 mL) and the solution was photolyzed. Product formation was monitored by 1H NMR 
spectroscopy in CD3NO2 on samples taken from the reaction mixture. Relative concentrations 
(normalized to 100%) of products were determined by integral intensities of the signals 
corresponding to the Cb* ligands of the products. 
 
Table 9. 1H NMR (200 MHz) chemical shifts of the complexes [Cb*Co(MeCN)(CO)2]BF4 [(5)BF4] 
and [Cb*Co(MeCN)2(CO)]BF4 [(6)BF4]. 
 
(5)BF4 (6)BF4 Solvent 
C4Me4 MeCN C4Me4 MeCN 
[D6]acetone 1.75 2.52 1.35 2.55 
[D3]MeNO2 1.66 2.37 1.33 2.39 
[D3]MeCN 1.58 1.95 1.25 1.95 
 
Table 10. Relative concentrations of the products (5)BF4 and (6)BF4 during the photolysis.  
 
Time (5)BF4 (6)BF4 
1 day 75% 25% 
2 days 44% 56% 
3 days 31% 69% 
 
After 3 days a purging stream of N2 was applied for 4 h. According to the spectrum the relative 
concentrations of the products were: 6% for [Cb*Co(CO)2(MeCN)]BF4 [(5)BF4] and 94% for 
[Cb*Co(CO)(MeCN)2]BF4 [(6)BF4]. 
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Experiment 2: In a Schlenk tube, equipped with a capillary as gas outlet, a sample of (1)BF4 (339 
mg, 1.00 mmol) was dissolved in acetonitrile (20 mL). A purging stream of N2 was applied and the 
solution was photolyzed. Product formation was monitored by 1H NMR spectroscopy in CD3CN on 
samples taken from the reaction mixture. Relative concentrations (normalized to 100%) of the 
products [Cb*Co(CO)(MeCN)2]BF4 [(6)BF4] and [Cb*Co(MeCN)3]BF4 [(2)BF4] were determined by 
integral intensities of the signals corresponding to the Cb* ligands of these complexes. 
 
Table 11. Relative concentrations of the products (6)BF4 and (2)BF4 during the photolysis. 
 
Time (6)BF4 (2)BF4 
6 h 86% 14% 
2 days 47% 53% 
 
A noticeable deterioration of the quality of the spectrum was observed after 2 days of photolysis. 
 
4.4 Synthesis of [Cb*Co(CO)(MeCN)2]BF4 [(6)BF4] 
 
A sample of (1)BF4 (338 mg, 1.00 mmol) in a Schlenk tube, equipped with a capillary as gas 
outlet, was dissolved in acetonitrile (20 mL). The solution was photolyzed while N2 was passed 
through the solution for 8 h. The acetonitrile was removed completely under vacuum. The residue 
was dissolved in CH2Cl2, filtered and the product was precipitated with ether and dried under 
vacuum; yield not determined.  
 
Elemental Analysis (calcd. for C13H18BCoF4N2O, M = 364.03 g×mol–1): 
 
 
 
Systematic name of (6)BF4: [bis(acetonitrile)carbonyl(h4-tetramethylcyclobutadiene)cobalt(1+)] 
tetrafluoroborate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 1.33 (s, Cb*), 2.50 (s, 2 Me). 
 
1H NMR (200 MHz, [D3]MeNO2): 
d = 1.33 (s, Cb*), 2.39 (s, 2 Me). 
Calcd.: 
Found: 
C, 42.89%; 
C, 43.01%; 
H, 4.98%; 
H, 5.13%; 
N, 7.70%. 
N, 6.54%. 
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13C{1H} NMR (50 MHz, [D3]MeNO2): 
d = 3.6 (MeCN), 9.2 (C4Me4), 92.2 (C4Me4), 128.9 (CN), 202.7 (CO).  
 
4.5 Synthesis of [Cb*Co(CO)2(PMe3)]BF4 [(7)BF4] 
 
A solution of PMe3 in CH2Cl2 (20 mL, 1 M, 20 mmol) was added to (1)BF4 (342 mg, 1.01 
mmol), and the mixture was stirred at room temperature until the spontaneous evolution of CO had 
ceased completely (ca. 2 h). The solution was concentrated in a gentle vacuum to ca. 2–3 mL. 
Addition of ether (10 mL) precipitated the raw product which was then collected on a frit, washed 
with ether (20 mL), and dried under vacuum. In a further purification step, the product was dissolved 
in CH2Cl2, passed through a 0.5 cm layer of alumina, and recovered by addition of ether to give 
(7)BF4 (270 mg, 69%) as a pale yellow, crystalline solid; dec. 245 °C. 
 
Elemental Analysis (calcd. for C13H21BCoF4O2P, M = 386.02 g×mol–1): 
Calcd.: 
Found: 
C, 40.45%; 
C, 40.68%; 
H, 5.48%. 
H, 5.42%. 
 
Systematic name of (7)BF4: [dicarbonyl(h4-tetramethylcyclobutadiene)trimethylphosphane- 
cobalt(1+)] tetrafluoroborate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 1.73 (d, JPH = 10.1 Hz, PMe3), 1.89 (d, JPH = 4.0 Hz, Cb*). 
 
13C{1H} NMR (50 MHz, [D6]acetone): 
d = 9.5 (s, C4Me4), 17.7 (d, JPC = 31.1 Hz, PMe3), 96.9 (s, C4Me4). 
 
31P{1H} NMR (81 MHz, [D6]acetone): 
d = 7.6. 
 
IR (CH2Cl2): n(CO) = 2025 and 2064 cm–1.  
 
4.6 Synthesis of [Cb*Co(PMe3)3]BF4 [(8)BF4] 
 
A solution of PMe3 in CH2Cl2 (20 mL, 1 M, 20 mmol) was added to (1)BF4 (180 mg, 0.46 
mmol) in a Schlenk tube, equipped with a capillary as gas outlet, and irradiated with a mercury lamp 
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at ambient temperature. A very slow stream of N2 was passed through the solution for 5 h. 
Concentration of this solution to 5 mL and addition of diethyl ether (20 mL) afforded the raw product 
which was collected, washed with ether (20 mL), and dried under vacuum to give (8)BF4 (210 mg, 
93%) as a deep yellow powder; dec. 150–160 °C. 
  
Elemental Analysis (calcd. for C17H39BCoF4P3, M = 482.15 g×mol–1): 
Calcd.: 
Found: 
C, 42.35%; 
C, 42.15%; 
H, 8.15%. 
H, 8.05%. 
 
Systematic name of (8)BF4: [(h4-tetramethylcyclobutadiene)tris(trimethylphosphane)cobalt(1+)] 
tetrafluoroborate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 1.48 (q, JPH = 3.1 Hz, Cb*), 1.50 (d, JPH = 7.2 Hz, PMe3). 
 
13C{1H} NMR (50 MHz, [D6]acetone): 
d = 10.5 (s, C4Me4), 21.6 (8 lines between 21.3 and 21.9, PMe3), 78.5 (q, not well resolved, 
C4Me4). 
 
 31P{1H} NMR (81 MHz, [D6]acetone): d = 7.3.  
 
4.7 Synthesis of [Cb*Co(CO)(2,2'-Bipyridine)]I [(10)I] 
 
A solution of complex 4 (349 mg, 1.00 mmol) and 2,2'-bipyridine (156 mg, 1.00 mmol) in 
acetonitrile (5 mL) was stirred at 50–60 °C overnight. The product was precipitated by addition of 
ether (40 mL), washed with ether (40 mL), and dried under vacuum to afford (10)I (471 mg, 98%) as 
a crystalline powder; dec. 130–140 °C. 
 
Elemental Analysis (calcd. for C19H20CoIN2O, M = 478.21 g×mol–1): 
 
 
 
Systematic name of [(10)I]: [(2,2'-bipyridine)carbonyl(h4-tetramethylcyclobutadiene)cobalt(1+)] 
iodide 
Calcd.: 
Found: 
C, 47.72%; 
C, 47.79%; 
H, 4.22%; 
H, 4.29%; 
N, 5.86%. 
N, 6.05%. 
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1H NMR (200 MHz, [D6]acetone): 
d = 1.32 (s, Cb*), 7.86 (m, 4-/4'-H), 8.28 (m, 5-/5'-H), 8.81 (m, 6-/6'-H), 9.04 (m, 3-/3'-H). 
 
13C{1H} NMR (50 MHz, [D6]acetone): 
d = 9.1 (C4Me4), 89.6 (C4Me4), 124.3 (C-6/-6'), 127.9 (C-4/-4'), 139.6 (C-5/-5'), 154.8 (C-3/-
3'), 155.9 (C-2/-2'). 
  
IR (KBr): n(CO) = 1960.3 cm–1. 
 
4.8 Photolytic Synthesis of [Cb*Co(MeCN)3]PF6 [(2)PF6] 
 
A solution of (3)PF6 (390 mg, 1.00 mmol) in acetonitrile (20 mL) was irradiated with a 
sodium lamp at ambient temperature for 2 h. The color of the solution changed from yellow to red. 
Removal of the solvent under vacuum afforded (2)PF6 (434 mg, 100%) as an air-sensitive, red 
crystalline solid; m.p. 175 °C (dec.). 
 
Elemental Analysis (calcd. for C14H21CoF6N3P, M = 435.23 g×mol–1): 
 
 
 
Systematic name of (2)PF6: [tris(acetonitrile)(h4-tetramethylcyclobutadiene)cobalt(1+)] hexafluoro-
phosphate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 0.91 (s, Cb*), 2.41 (s, 3 Me). 
 
13C{1H} NMR (50 MHz, [D6]acetone): 
d = 2.9 (MeCN), 8.9 (C4Me4), 74.8 (C4Me4), 124.6 (CN). 
 
4.9 Synthesis of [Cb*Co(MeCN)3]PF6 [(2)PF6] via Thermal Benzene Displacement  
 
A solution of (3)PF6 (392 mg, 1.00 mmol) in acetonitrile (20 mL) was heated to reflux 
temperature for 2.5 h. After removal of the volatiles, fresh acetonitrile (20 mL) was added, and the 
solution was heated again for 1 h. The volatiles were pumped off to leave (2)PF6 (436 mg, 100%) as 
spectroscopically pure (1H NMR) product. 
Calcd.: 
Found: 
C, 38.63%; 
C, 38.51%; 
H, 4.86%; 
H, 4.83%; 
N, 9.65%. 
N, 9.66%. 
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4.10 Synthesis of [Cb*Co(NH3)3]PF6 [(11)PF6] 
 
A Schlenk tube with a suspension of complex (3)PF6 (195 mg, 0.50 mmol) in liquid ammonia 
(20 mL) was irradiated with a mercury lamp while the reaction mixture was stirred at –50 °C. The 
color of the reaction mixture changed to red and finally, when all the starting material had dissolved, 
it was a transparent solution (5–7 h). The ammonia was removed by allowing the system slowly to 
warm to ambient temperature, thus affording (11)PF6 (180 mg, 99%) as an air-sensitive, red 
crystalline solid; m.p. 170 °C, dec. 240 °C. 
 
Elemental Analysis (calcd. for C8H21CoF6N3P, M = 363.17 g×mol–1): 
 
 
 
Systematic name of (11)PF6: [triammine(h4-tetramethylcyclobutadiene)cobalt(1+)] hexafluoro-
phosphate 
 
1H NMR (200 MHz, [D6]acetone, saturated with NH3): 
d = 0.84 (s, Cb*), 1.44 (s, 3 NH3). 
 
13C{1H} NMR (50 MHz, [D6]acetone, saturated with NH3): 
d = 8.9 (C4Me4), 61.7 (C4Me4). 
 
4.11 Reaction of (2)PF6 with Pyridine 
 
A solution of (2)PF6 (434 mg, 1 mmol) in pyridine (5 mL, d = 0.98 g×mL–1, 62 mmol) was 
stirred overnight. Addition of diethyl ether (40 mL) precipitated [Cb*Co(MeCN)2(C5H5N)]PF6 
[(12)PF6] as an orange-red crystalline solid which was filtered, washed with diethyl ether (40 mL), 
and dried in a vacuum; yield not determined. 
 
Systematic name of (12)PF6: [bis(acetonitrile)pyridine(h4-tetramethylcyclobutadiene)cobalt(1+)] 
tetrafluoroborate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 0.64 (s, Cb*), 2.13 (s, 3 Me), 7.45 (m, 4 Hb), 7.76 (tt, 2 Hg), 8.92 (d, 4 Ha). 
 
Calcd.: 
Found: 
C, 26.46%; 
C, 26.41%; 
H, 5.83%; 
H, 5.67%; 
N, 11.57%. 
N, 11.37%. 
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13C{1H} NMR (50 MHz, [D6]acetone): 
d = 2.5 (MeCN), 8.7 (C4Me4), 70.8 (C4Me4), 125.0 (Cb), 136.2 (Cg), 150.9 (Ca). 
 
4.12 Synthesis of [Cb*Co(C5H5N)3]PF6 [(13)PF6] 
 
A solution of (2)PF6 (434 mg, 1.00 mmol) in pyridine (10 mL) was stirred at 40–50 °C 
overnight. The solution was then concentrated to 2–3 mL under vacuum at the same temperature. 
Addition of ether precipitated (13)PF6 in large crystal blocks, which were washed with ether (40 mL), 
and dried under vacuum to afford (13)PF6 (547 mg, 100%) as a dark red, crystalline solid; dec. 90 °C, 
very air-sensitive. Sharp NMR spectra could only be recorded when a trace of [D5]pyridine was 
added. 
 
Elemental Analysis (calcd. for C23H27CoF6N3P, M = 549.38 g×mol–1): 
 
 
 
Systematic name of (13)PF6: [(h4-tetramethylcyclobutadiene)tris(pyridine)cobalt(1+)] hexafluoro-
phosphate 
 
1H NMR (200 MHz, [D6]acetone with a drop of [D5]pyridine): 
d = 0.62 (s, Cb*), 7.41 (m, 6 Hb), 7.76 (tt, 3 Hg), 8.79 (d, 6 Ha). 
 
13C{1H} NMR (50 MHz, [D6]acetone with a drop of [D5]pyridine): 
d = 8.8 (C4Me4), 70.4 (C4Me4), 125.0 (Cb), 136.0 (Cg), 150.6 (Ca). 
 
4.13 Synthesis of [Cb*Co{P(OMe)3}3]PF6 [(9)PF6] 
 
Trimethylphosphite (3 mL, 27 mmol) was added to the tris(acetonitrile) complex (2)PF6 (434 
mg, 1.00 mmol) in acetonitrile (10 mL). The mixture was stirred at room temperature overnight. The 
solution was then concentrated in a gentle vacuum to ca. 3 mL, and stirring was continued for 24 h. 
Addition of ether (20 mL) precipitated a crystalline powder, which was collected on a frit, washed 
with ether (20 mL), and dried under vacuum to give (9)PF6 (680 mg, 100%) as a yellow powder; dec. 
210–230 °C.  
 
 
Calcd.: 
Found: 
C, 50.28%; 
C, 49.83%; 
H, 4.95%; 
H, 5.08%; 
N, 7.65%. 
N, 7.55%. 
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Elemental Analysis (calcd. for C17H39CoF6O9P4, M = 684.30 g×mol–1): 
Calcd.: 
Found: 
C, 29.84%; 
C, 29.81%; 
H, 5.74%. 
H, 5.83%. 
 
Systematic name of (9)PF6: [(h4-tetramethylcyclobutadiene)tris(trimethylphosphite)cobalt(1+)] 
hexafluorophosphate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 1.51 (q, JPH = 5.4 Hz, Cb*), 3.80 [m, 3 P(OMe)3]. 
 
13C{1H} NMR (50 MHz, [D6]acetone): 
d = 9.4 [q, not well resolved, JPC = 1.4 Hz, C4Me4), 53.8 [vq, JPC = 2.7 Hz, P(OMe)3], 86.6 [q, 
not well resolved, JPC = 2.0 Hz, C4Me4]. 
 
31P{1H} NMR (81 MHz, [D6]acetone): 
d = –140.8 (sept, PF6–), 163.0 [s, P(OMe)3].  
 
4.14 Synthesis of [Cb*Co(CNtBu)3]PF6 [(16)PF6] 
 
Tert-butylisocyanide (1.0 mL, d = 0.736 g×mL–1, 9 mmol) was added to the tris(acetonitrile) 
complex (2)PF6 (434 mg, 1.00 mmol) in acetonitrile (10 mL). The reaction was completed in 2 h. The 
solution was then concentrated in a gentle vacuum to ca. 3 mL. Addition of ether (20 mL) 
precipitated a crystalline powder, which was collected on a frit, washed with ether (20 mL), and dried 
under vacuum to give (16)PF6 (560 mg, 100%); m.p. 178 °C, dec. 192 °C. 
 
Elemental Analysis (calcd. for C23H39CoF6N3P, M = 561.47 g×mol–1): 
 
 
 
Systematic name of (16)PF6: [tris(tert-butylisocyanide)(h4-tetramethylcyclobutadiene)cobalt(1+)] 
hexafluorophosphate 
 
1H NMR (200 MHz, [D6]acetone): 
d = 1.56 (s, 3 tBu), 1.57 (s, Cb*). 
Calcd.: 
Found: 
C, 49.20%; 
C, 49.31%; 
H, 7.00%; 
H, 7.14%; 
N, 7.48%. 
N, 7.48%. 
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13C{1H} NMR (50 MHz, [D6]acetone): 
d = 9.6 (C4Me4), 30.0 (CMe3), 58.5 (CMe3), 87.1 (C4Me4), 155.8 (CN). 
 
IR (MeCN): n(CN) = 2140 and 2174 cm–1.  
 
4.15 Synthesis of (NEt4)2[Cb*Co(CN)3] (17) 
 
A solution of (2)PF6 (515 mg, 1.18 mmol) in acetonitrile (20 mL) was added to a stirred 
solution of NEt4CN (555 mg, 3.55 mmol) in acetonitrile (15 mL). The yellow color of the mixture 
indicates completion of the reaction immediately after mixing. The solvent was removed under 
vacuum to afford a brownish yellow crystalline material. The product was separated from NEt4PF6 by 
two recrystallizations from MeCN (0.5 mL) / dry acetone (10 mL), keeping the solution at –30 °C for 
18 h, to give 17 (518 mg, 87%) as spectroscopically pure, brownish yellow, crystalline solid; m.p. 
187 °C, dec. 194 °C, very air-sensitive.  
 
Elemental Analysis (calcd. for C27H52CoN5, M = 505.67 g×mol–1): 
 
 
 
 
Systematic name of 17: bis(tetraethylammonium) [tricyano(h4-tetramethylcyclobutadiene)cobalt(1+)] 
 
1H NMR (200 MHz, CD3CN): 
d = 1.23 [tt, 3J(1H-1H) = 7.3, 3J(14N-1H) = 1.9 Hz, 8 Me], 1.27 (s, Cb*), 3.27 [q br, 3J(1H-1H) = 
7.3 Hz, 8 CH2N]. 
 
13C{1H} NMR (50 MHz, CD3CN): 
d = 7.8 (CH3CH2N), 10.9 (C4Me4), 53.0 [t, 1J(14N-13C) = 3.0 Hz, CH2N], 71.0 (C4Me4), 165.1 
(CN). 
 
4.16 Synthesis of CpCoCb* (18) 
  
A solution of NaCp (888 mg, 10 mmol) in THF (20 mL) was added with stirring to 
[Cb*Co(NCMe)3]PF6 [(2)PF6] (4.38 g, 10 mmol). While stirring was continued for 1 h the starting 
complex dissolved completely and the color of the solution changed to yellow-orange. Removal of 
Calcd.: 
Found:  
(average, two determinations) 
C, 64.13%; 
C, 63.6%; 
H, 10.37%; 
H, 10.0%; 
N, 13.85%. 
N, 14.1%. 
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the volatiles, column chromatography on alumina (5% H2O) with hexane as eluent, and 
crystallization from methanol at –80 ºC afforded 18 (2.22 g, 95%) as spectroscopically pure (1H 
NMR), brownish yellow, crystalline solid. 
 
Systematic name of 18: (h5-cyclopentadienyl)(h4-tetramethylcyclobutadiene)cobalt 
 
For data see ref.[18a,b,45] 
 
4.17 Synthesis of [CpCo(s,h4-C4HsynMe4)]BF4 [(19)BF4] 
 
An excess of HBF4 (2.5 mL, 54%, d = 1.18 g×mL–1, 18 mmol) in Et2O was added to 18 (465 
mg, 2.00 mmol) in CH2Cl2 (15 mL) at –50 °C. The mixture was stirred for 10 min. Then the product 
was precipitated by addition of Et2O, and was purified by several re-precipitations from CH2Cl2/THF 
and finally from CH2Cl2/Et2O to give (19)BF4 (620 mg, 97%) as a brown powder. The product can be 
stored at –30 °C and may be handled at ambient temperature for short times.  
 
Systematic name of (19)BF4: [(h5-cyclopentadienyl){h4-(2Z,3Z)-1,2,3-trimethylpenta-1,3-dien-1-yl}- 
cobalt(1+)] tetrafluoroborate 
 
Atom numbering: 
BF4
Co
12
3
4
H  
 
1H NMR (500 MHz, –20 °C, CD2Cl2):  
d = 0.55 (d, J = 6.7 Hz, 4-Me), 1.85 (s, 2-Me, HMBC), 2.51 (s, 3-Me, HMBC), 2.59 (s, 1-Me, 
HMBC), 5.39 (s, Cp), 6.49 (q, J = 6.7 Hz, 4-H). 
 
13C{1H} NMR (126 MHz, –20 °C, CD2Cl2): 
d = 11.7 (2-Me, HMBC, HETCOR), 23.5 (3-Me, HMBC, HETCOR), 28.6 (4-Me, HETCOR), 
31.0 (1-Me, HMBC, HETCOR), 85.4 (C-4, HETCOR), 88.2 (Cp, HETCOR), 100.9 (C-2, 
HMBC), 119.5 (C-3, HMBC), 292.1 (C-1). 
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4.18 Synthesis of [CpCo(h5-C5H4Me3)]BF4 [(21)BF4] 
 
A solution of HBF4 in Et2O (5.5 mL, 54%, d = 1.18 g×mL–1, 40 mmol) was added dropwise to 
a solution of complex 18 (919 mg, 3.96 mmol) in CH2Cl2 (40 mL) at –40 °C. The dark red reaction 
mixture was allowed slowly to warm up to 0 °C; it was then kept at 0 °C for 1 day and at ambient 
temperature for 0.5 days. The then light red solution was concentrated to 10 mL, and the raw product 
was precipitated by addition of Et2O. It was then dissolved in acetone and the solution was passed 
through a layer of alumina (5 cm). Crystallization from Et2O/acetone gave (21)BF4 (1.01 g, 80%) as 
brick red crystals; dec. 155–165 °C.  
 
Elemental Analysis (calcd. for C13H18CoBF4, M = 320.02 g×mol–1): 
Calcd.: 
Found: 
C, 48.79%; 
C, 48.78%; 
H, 5.67%. 
H, 5.65%. 
 
Systematic name of (21)BF4: [(h5-cyclopentadienyl){h5-(2Z,3Z,4E)-3,4-dimethylhexa-2,4-dienyl}-
cobalt(1+)] tetrafluoroborate 
 
Atom numbering: 
Co
12
3
4 5 BF4
 
 
1H NMR (500 MHz, CD2Cl2):  
d = 1.43 (q, J = 6.4 Hz, 5-H), 1.69 (d, J = 6.4 Hz, 5-Me), 2.17 (dd, 3J1anti,2 = 12.1 Hz, 
2J1syn,1anti 
= 3.7 Hz, 1-Hanti), 2.28 (s, 4-Me, HMBC), 2.51 (s, 3-Me, HMBC), 3.93 (dd, 
3J1syn,2 = 10.1 Hz, 
2J1syn,1anti = 3.7 Hz, 1-Hsyn), 5.35 (s, Cp), 5.43 (dd, 
3J1anti,2 = 12.1 Hz, 
3J1syn,2 = 10.1 Hz, 2-H). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 17.3 (4-Me, HMBC, HETCOR), 19.6 (5-Me, HETCOR), 22.4 (3-Me, HMBC, HETCOR), 
58.5 (C-1, HETCOR), 81.5 (C-5, HETCOR), 88.6 (Cp, HETCOR), 93.4 (C-2, HETCOR), 
109.5 (C-4, HMBC), 113.8 (C-3, HMBC). 
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4.19 NMR Tube Experiments: Protonation of 18 with CF3CO2D and Subsequent 
Rearrangement 
 
A solution of 18 (45 mg, 0.193 mmol) in CD2Cl2 (0.7 mL) was treated with excess of 
CF3CO2D (0.15 mL, d = 1.5 g×mL–1, 1.93 mmol) and the 1H NMR spectrum was recorded 
immediately. The spectrum exhibited a pattern of signals characteristic of 19+ (data in 4.17). The 
integral intensities of the signals at 0.55, 1.85, 2.51, 2.59, 5.39 and 6.49 ppm were 2.95, 2.90, 3.00, 
2.88, 4.28 and 0.18, respectively. The signal corresponding to 4-Me appeared as a singlet with a 
superimposed doublet of low intensity. The NMR tube was kept 1 day at ambient temperature. The 
1H NMR spectrum exhibited a pattern of signals characteristic of 21+ (data in 4.18). The integral 
intensities of the signals at 1.43, 1.69, 2.17, 2.28, 2.51, 3.93 and 5.35 ppm were 1.16, 3.23, 1.16, 3.00, 
3.08, 0.95, and 6.02, respectively. The signal corresponding to 2-H was not observed. The terminal 
vinyl protons 1-Hsyn and 1-Hanti appeared as broad signals at 2.17 and 3.93 ppm without trans/cis 
vicinal couplings. 
The volatiles were removed in vacuum, the residue was dissolved in CH2Cl2 (0.6 mL), and 
(CD3)2CO (0.1 mL) was added. 
 
2H{1H} NMR [61 MHz, (CD3)2CO]:  
d = 5.50 (s, 2-D). 
 
4.20 Kinetic Study of the Thermal Rearrangement of (19)BF4 
 
A solution of (19)BF4 (41 mg, 0.13 mmol) in CD2Cl2 (0.7 mL) was prepared in an NMR tube. 
The rearrangement was followed by 1H NMR spectroscopy. The spectra were recorded on a 200 MHz 
spectrometer at 22.5 °C. The ratio [21+]/[19+] was determined by the integral intensities of the signals 
at 1.85 ppm assigned to 2-Me in 19+ and at 2.28 ppm assigned to 4-Me in 21+, which were referenced 
to the integral intensity of the signal due to the residual protons of the solvent. 
 
Table 12. Kinetic data of the rearrangement derived from the 1H NMR spectra. 
 
Number of 
1H NMR 
spectrum 
Time 
(min) 
Time 
(sec) [19
+] [21+] [21+]/[19+] ln{1+([21+]/[19+])} 
1 8 480 12.62 1.16 0.09 0.09 
2 11 660 11.75 1.53 0.13 0.12 
3 15 900 11.01 1.96 0.18 0.16 
4 17 1020 12.36 2.71 0.22 0.19 
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5 20 1200 14.44 3.14 0.22 0.19 
6 23 1380 11.47 3.12 0.27 0.24 
7 26 1560 11.07 3.20 0.29 0.25 
8 29 1740 9.82 2.84 0.29 0.25 
9 32 1920 9.12 3.31 0.36 0.31 
10 35 2100 8.86 3.34 0.38 0.32 
11 38 2280 8.82 3.67 0.42 0.35 
12 44 2640 7.60 3.93 0.52 0.42 
13 47 2820 8.16 4.85 0.59 0.47 
14 50 3000 7.25 4.64 0.64 0.49 
15 53 3180 7.45 4.61 0.62 0.48 
16 56 3360 7.04 4.93 0.70 0.53 
17 59 3540 6.83 5.30 0.78 0.57 
18 62 3720 6.75 5.73 0.85 0.61 
19 65 3900 6.27 5.57 0.89 0.64 
20 68 4080 6.08 5.54 0.91 0.65 
21 74 4440 5.05 5.67 1.12 0.75 
22 80 4800 7.62 9.23 1.21 0.79 
23 86 5160 4.83 6.45 1.34 0.85 
24 92 5520 4.76 7.02 1.47 0.91 
25 98 5880 4.11 6.53 1.59 0.95 
26 104 6240 3.72 6.67 1.79 1.03 
27 110 6600 3.66 7.00 1.91 1.07 
28 116 6960 3.70 7.94 2.15 1.15 
29 122 7320 3.06 7.24 2.37 1.21 
30 128 7680 3.04 7.48 2.46 1.24 
31 134 8040 2.73 7.46 2.73 1.32 
32 140 8400 2.56 7.46 2.91 1.36 
33 146 8760 2.31 7.56 3.27 1.45 
34 152 9120 2.34 7.83 3.35 1.47 
35 158 9480 2.19 7.87 3.59 1.52 
36 164 9840 2.00 7.95 3.97 1.60 
37 170 10200 1.84 7.82 4.25 1.66 
38 176 10560 1.79 8.19 4.58 1.72 
39 182 10920 1.68 8.13 4.84 1.76 
40 188 11280 1.53 8.12 5.31 1.84 
41 194 11640 1.58 8.40 5.32 1.84 
42 206 12360 1.42 8.28 5.83 1.92 
43 218 13080 1.24 8.71 7.02 2.08 
44 230 13800 1.22 9.01 7.39 2.13 
45 242 14520 1.11 9.13 8.23 2.22 
46 254 15240 0.89 8.84 9.93 2.39 
47 266 15960 0.74 8.82 11.92 2.56 
48 278 16680 0.72 9.22 12.81 2.63 
49 290 17400 0.68 9.14 13.44 2.67 
50 302 18120 0.55 9.38 17.05 2.89 
 
 
Linear regression with ln{1+([21+]/[19+])} and time (seconds) as input parameters gave the results 
which are listed in Table 13. 
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Table 13. Regression analysis of the kinetic data of the rearrangement. 
 
Parameter Value Error 
A 0.0242 0.0076 
B 1.6E–4 8.9E–7 
N 50  
SD 0.0312  
R 0.9992  
P <0.0001  
 
Parameter descriptions for linear regression: 
 
A: Intercept value and its standard error.  
B: Slope value and its standard error. 
N: Number of data points. 
SD: Standard deviation of the fit. 
R: Correlation coefficient. 
P: P value - Probability (that R is zero). 
 
The slope of the fitting line corresponded to the first-order rate constant k1 = 1.6 ´ 10–4 s–1 for the 
observed rearrangement. Free energy of activation at 22.5 °C was calculated using the Eyring 
equation[117b]: 
 DG# = RT [23.76 – ln(k1/T)]  
where T is the absolute temperature (K), and R is the universal gas constant (8.31 J×mol–1×K–1). 
DG# = 94 ± 1.39 ´ 10–2 kJ×mol–1. 
 
 
4.21 Synthesis of CpCo(h4-3,4-Me2C6H8) (23) 
 
DIBALH (AlHBui2, 2.89 mL, 1 M in toluene, 2.89 mmol) was added with stirring to a slurry 
of (21)BF4 (308 mg, 0.96 mmol) in hexane (10 mL). Stirring was continued until all solid material 
had dissolved (24 h). The product was chromatographed on alumina (15 cm column) using hexane as 
eluent. Removal of the volatiles and a short-way vacuum distillation gave 23 (0.11 g, 50%) as red 
crystalline solid, m.p. 49 °C, b.p. 244 °C (dec.). 
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Elemental Analysis (calcd. for C13H19Co, M = 234.21 g×mol–1): 
Calcd.: 
Found: 
C, 66.66%; 
C, 66.76%; 
H, 8.17%. 
H, 7.90%. 
 
Systematic name of 23: (h5-cyclopentadienyl)(h4-(3E,4E)-3,4-dimethylhexa-2,4-diene)cobalt 
 
Atom numbering: 
Co
1 2
3 4
5 6 
 
1H NMR (500 MHz, CD2Cl2): 
d = –0.21 (q, J = 6.4 Hz, 2-/5-Hanti), 1.12 [d, J = 6.4 Hz, 2 Mesyn (C-1/-6)], 2.06 (s, 3-/4-Me), 
4.44 (s, Cp). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 14.8 (3-/4-Me, HETCOR), 19.1 (C-1/-6, HETCOR), 45.8 (C-2/-5, HETCOR), 81.8 (Cp, 
HETCOR), 89.0 (C-3/-4, HETCOR). 
 
4.22 Synthesis of [CpCo{h5-C5Me4(NHt-Bu)}]Tf [(24)CF3SO3] 
 
A solution of (19)CF3SO3 (1.02 mmol) was prepared by mixing a solution of Cb*CoCp (18) 
(237 mg, 1.02 mmol) in CH2Cl2 (10 mL) with CF3SO3H (0.09 mL, d = 1.708 g×mL–1, 1.02 mmol) at –
35 °C. After several minutes of stirring tert-butylisocyanide (0.12 mL, d = 0.736 g×mL–1, 1.06 mmol) 
was added resulting in an immediate colour change from dark red to yellow. Addition of Et2O (35 
mL) and cooling to –80 °C overnight afforded the product in form of a yellow powder. 
Recrystallization from CH2Cl2 yielded analytically pure (24)CF3SO3 (430 mg, 90%); m.p. 274–276 
°C (dec.). 
 
Elemental Analysis (calcd. for C19H27F3NO3SCo, M = 465.42 g×mol–1): 
 
 
 
Calcd.: 
Found: 
C, 49.03%; 
C, 48.69%; 
H, 5.85%; 
H, 5.87%; 
N, 3.01%. 
N, 2.98%. 
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Systematic name of (24)CF3SO3: [(h5-cyclopentadienyl){h5-(1-tert-butylamino)-2,3,4,5-tetramethyl-
cyclopentadienyl}cobalt(1+)] trifluoromethanesulfonate 
 
Atom numbering: 
Co
N
H
1
2
3
4
5 CF3SO3
 
 
1H NMR (400 MHz, CD2Cl2): 
d = 1.19 [s, C(Me)3], 2.04 (s, 3-/4-Me), 2.13 (s, 2-/5-Me), 3.80 (s, NH), 5.11 (s, Cp). 
 
13C{1H} NMR (101 MHz, CD2Cl2): 
d = 10.9 (3-/4-Me, HETCOR), 12.4 (2-/5-Me, HETCOR), 30.5 [C(Me)3, HETCOR], 56.6 
[C(Me)3], 86.6 (Cp), 91.1 (C-2/-5), 95.0 (C-3/-4), 118.5 (C-1). 
 
1H NMR (500 MHz, CD3CN): 
d = 1.41 [s, C(Me)3], 2.08 (s, 3-/4-Me, HMBC), 2.26 (s, 2-/5-Me, HMBC), 5.53 (s, Cp), 9.34 
(s, NH). 
  
13C{1H} NMR (126 MHz, CD3CN): 
d = 10.9 (3-/4-Me, HETCOR), 12.0 (2-/5-Me, HETCOR), 26.7 [C(Me)3, HETCOR], 70.9 
[C(Me)3, HMBC], 89.2 (Cp), 94.7 (C-2/-5, HMBC), 100.4 (C-3/-4, HMBC), 97.3 (C-1). 
 
4.23 Synthesis of CpCo[h4-C4HsynMe3(CH2)] (25) 
  
Triethylamine (20 mL) was added to a Schlenk tube charged with a solution of (19)BF4 (1.28 
g, 4.00 mmol) in CH2Cl2 (30 mL) at –60 °C. The color changed from deep wine-red to orange 
immediately. The reaction mixture was then diluted with hexane (150–200 mL) and filtered through a 
short column of alumina (ca. 10 cm) at –80 °C. The volatiles were removed in a vacuum, yielding 25 
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(0.775 g, 83.3%) as orange-red crystalline product. For further purification the product was 
recrystallized by cooling Et2O or hexane solutions to –80 °C; m.p. 37–39 °C.  
 
Elemental Analysis (calcd. for C13H17Co, M = 232.21 g×mol–1): 
Calcd.: 
Found: 
C, 67.24%; 
C, 67.07%; 
H, 7.38%. 
H, 7.42%. 
 
Systematic name of 25: (h5-cyclopentadienyl)[(2–5h)-(3Z,4Z)-3,4-dimethylhexa-1,2,4-triene]cobalt 
 
Atom numbering: 
1
23
4
5
Co
H  
 
1H NMR (500 MHz, CD2Cl2): 
d = 0.47 (d, J = 7.0 Hz, 5-Me), 1.83 (s, 3-Me, HMBC), 2.09 (s, 4-Me, HMBC), 3.37 (q, J = 
7.0 Hz, 5-H), 4.68 (s, Cp), 4.72 (d, J = 2.1 Hz, 1-Hanti), 4.95 (d, J = 2.1 Hz, 1-Hsyn). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 17.9 (3-Me, HMBC), 18.5 (5-Me, HMBC), 21.1 (4-Me, HMBC), 49.4 (C-5, APT), 77.2 
(C-3, HMBC), 82.6 (Cp), 97.5 (C-1, HMBC), 99.0 (C-4, HMBC), 175.6 (C-2, HMBC). 
 
4.24 NMR Tube Experiments: The System (19)BF4/Et3N 
 
Experiment 1: In an NMR tube triethylamine (16 mL, d = 0.73 g×mL–1, 0.115 mmol) was mixed with 
a solution of (19)BF4 (37 mg, 0.115 mmol) in CD2Cl2 (0.7 mL) at –80 °C. The temperature was 
increased in 10 K steps over the range from –80 to 20 °C, and the sample was kept at the chosen 
temperature for 10 min before the 1H NMR spectrum was recorded. The spectrum, recorded at –80 °C 
without delay, displayed two species in the mixture: the hexatriene complex 25 (data in 4.23) and 
[Et3NH]+ [d = 1.32 (t, CH3), 2.89 (q, CH2), 6.93 (br, H)]. Subsequent spectra recorded over the 
temperature range from –70 to 20 °C displayed no change. Then the NMR tube was kept at ambient 
temperature; after 14 h the 1H NMR spectrum showed two new signals at 1.54 (s) and 4.50 (s) ppm 
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indicating the presence of 18. The product ratio was 18:25 = 35:65. According to the spectrum 
measured after 38 h the product ratio was 18:25 = 59:41. Finally, after 86 h the spectrum showed 
complete disappearance of 25 and deterioration due to decomposition products. 
 
Experiment 2: In a similar experiment triethylamine (47 mL, d = 0.73 g×mL–1, 0.34 mmol) was added 
to a solution of (19)BF4 (109 mg, 0.34 mmol) in CD2Cl2 (0.7 mL) in an NMR tube at ambient 
temperature. The content was mixed by vigorous shaking and insoluble particles were separated 
utilizing a centrifuge. The 1H NMR spectrum, recorded immediately, showed that three species 18, 25 
(data in 4.23) and [Et3NH]+ [d = 1.32 (t, CH3), 3.18 (q, CH2), 6.75 (br, H)] were present in the 
mixture. The product ratio was 18:25 = 46:54. Subsequent spectrum was recorded after ca. 16 h and 
showed complete disappearance of 25. The content of the NMR tube was chromatographed on an 
alumina column (20 cm) with hexane as eluent. Removal of volatiles afforded 18 (47 mg, 60%) as 
spectroscopically pure (1H NMR) yellow crystalline solid. 
 
Experiment 3: Triethylamine (186 mL, d = 0.73 g×mL–1, 1.34 mmol, 5.1 fold excess) was given into 
an NMR tube containing a solution of (19)BF4 (72 mg, 0.22 mmol) in CD2Cl2 (0.7 mL) at ambient 
temperature. The content was mixed by vigorous shaking and insoluble particles were separated 
utilizing a centrifuge. In the 1H NMR spectrum the triplet and the quadruplet [d = 1.00 (t, CH3), 2.53 
(q, CH2), 7.04 (br, H)] were readily attributed to Et3N/[Et3NH]+ mixture. The remaining signals 
corresponded to species 25 (data in 4.23). Subsequent spectra recorded after ca. 16 h and after 1 day 
showed no changes, but slow decomposition. After 5 days deterioration due to decomposition 
products prevented recording of the spectrum. The work-up according to the procedure used in the 
earlier one-to-one experiment yielded 35 mg of a red oil. In the 1H NMR (200 MHz, CD2Cl2) 
spectrum of this oil the signals at 1.55 and 4.51 ppm indicated the presence of 18, while a doublet at 
0.49 ppm, a quadruplet at 3.39 ppm and a pair of doublet of doublets at 4.75 and 4.97 ppm indicated 
the presence of 25. The product ratio was 18:25 = 33:66. 
 
4.25 Reaction of (19)BF4 with Allylmagnesium Chloride 
 
A solution of (allyl)magnesium chloride in THF (0.87 mL, 2 M, 1.74 mmol) was added to a 
solution of (19)BF4 (279 mg, 0.87 mmol) in CH2Cl2 (20 mL) at –90 °C. The mixture slowly warmed 
with stirring overnight. The volatiles were removed and the residue was extracted with hexane. 
Filtration of the combined extracts through a short alumina column and removal of the hexane 
afforded 25 (165 mg, 81%) which was identified by its 1H NMR (200 MHz, CD2Cl2) spectrum. 
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4.26 Synthesis of [CpCo{h4-C4HantiMe4(NC5H5)}]BF4 [(26)BF4] 
 
Pyridine (10 mL) was added to a Schlenk tube charged with a solution of (19)BF4 (640 mg, 
2.00 mmol) in CH2Cl2 (10 mL) at –60 °C. The reaction mixture was slowly warmed to ambient 
temperature overnight. Addition of Et2O precipitated a deep red crystalline material. The raw product 
was further purified by re-precipitation from CH2Cl2 solution yielding (26)BF4 (775 mg, 97%); m.p. 
112 °C (dec.).  
 
Elemental Analysis (calcd. for C18H23CoBF4N, M = 399.12 g×mol–1): 
 
 
 
 
Systematic name of (26)BF4: [(h5-cyclopentadienyl){N-[h4-(1'Z,2'Z,3'E)-1',2',3'-trimethylpenta-1',3'-
dienyl]pyridinium}cobalt(1+)] tetrafluoroborate 
 
Atom numbering: 
Co
N
H
12
3
4
BF4
 
 
1H NMR (500 MHz, CD2Cl2):  
d =  -0.37 (q, J = 6.1 Hz, 4-H), 1.18 (d, J = 6.1 Hz, 4-Me), 1.94 (s, 1-Me, HMBC), 2.17 (s, 3-
Me, HMBC), 2.21 (s, 2-Me, HMBC), 4.82 (s, Cp); pyridine: 7.52 (t, J = 6.7 Hz, b-Hexo, 
COSY), 7.66 (d, J = 6.1 Hz, a-Hexo, NOE), 8.00 (t, J = 6.7 Hz, b-Hendo, COSY), 8.23 (t, J = 
7.6 Hz, g-H), 9.34 (d, J = 6.1 Hz, a-Hendo, NOE, COSY, HMBC). 
 
In the 200 MHz 1H NMR spectra a not well resolved doublet at 2.17 ppm was observed. The splitting 
was at the limit of digital resolution of the FID and a coupling constant of 0.48 Hz was determined. 
Parameters of FID: 
spectrometer frequency: 199.97 MHz 
Calcd.: 
Found: 
C, 54.17%; 
C, 54.09%; 
H, 5.80%; 
H, 5.70%; 
N, 3.51%. 
N, 3.71%. 
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data points: 32768  
spectral width: 4000 Hz  
digital resolution: 0.244 Hz per point 
Accordingly, the coupling constant could be evaluated with an error of 0.244 Hz, the value of 0.488 
Hz being the minimal distinguished value for a coupling constant. For a more precise evaluation of 
the coupling constant zero filling with 98304 points and digital filtering with a Lorentz Gauss 
function were applied to the FID. The following parameters were used: 
window function: F(t) = e(–t/a–t
2/b), where a = –1.4, b = 0.1 
Fourier transformation gave a spectrum with enhanced resolution and a coupling constant of 0.67 Hz 
was determined for the doublet. The spectrum also revealed a fine splitting of the quadruplet at –0.37 
ppm with the same coupling constant. The doublet at 2.17 ppm and the fine splitting of the quadruplet 
at –0.37 ppm are assigned to a 4J coupling of the methyl group 3-Me with the terminal hydrogen 4-H. 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 16.0 (3-Me, HETCOR), 16.3 (2-Me, HETCOR), 20.2 (4-Me, HETCOR), 32.3 (1-Me, 
HETCOR), 53.7 (C-4, HETCOR), 80.4 (C-2, HMBC), 81.8 (C-1, HMBC), 84.6 (Cp), 100.0 
(C-3, HMBC); pyridine: 126.8 (b-Cexo, HMBC), 129.3 (b-Cendo, HMBC), 143.3 (a-Cexo, 
HETCOR, HMBC), 143.9 (g-C, HETCOR, HMBC), 147.6 (a-Cendo, HETCOR, HMBC). 
 
4.27 NMR Tube Experiments: The System (19)BF4/C5H5N 
 
Experiment 1: A sample of (19)BF4 (26 mg, 0.08 mmol) was dissolved in CD2Cl2 (0.7 mL) in an 
NMR tube at –50 °C. The 1H NMR (200 MHz, CD2Cl2, –50 °C) spectrum of the sample displayed a 
pattern of signals characteristic of (19)BF4 (data in 4.17) and impurity signals due to traces of Et2O 
and of (21)BF4 (data in 4.18). One equivalent of pyridine (6.5 mL, d = 0.98 g×mL–1, 0.08 mmol) was 
then added to the NMR tube at –80 °C and the reagents were mixed. The 1H NMR spectrum at –80 
°C displayed the signals characteristic of 25 (data in 4.23), 26+ (data in 4.26), and 27+ (data in 4.28). 
Multiplets at 8.08 (t), 8.47 (t), 8.83 (d) ppm were assigned to the pyridine/pyridinium mixture. The 
temperature was increased in 10 K steps over the range from –80 to 10 °C, and the sample was kept at 
the chosen temperature for 10 min before the spectrum was recorded. The data of the experiment are 
presented in the form of a table of relative concentrations (Table 14). 
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Table 14. Relative concentrations of 25, 27+, 26+, and 18 as a function of temperature. 
 
Temperature in °C 25 27+ 26+ 18 
–80 83 11 6 0 
–70 70 15 15 0 
–60 55 27 14 4 
–50 32 44 18 6 
–40 10 59 16 15 
–30 0 67 13 20 
–20 0 57 14 29 
–10 0 31 14 55 
0 0 4 14 82 
10 0 0 14 86 
 
 
Experiment 2: A sample of (19)BF4 (60 mg, 0.19 mmol) from the same lot was dissolved in CD2Cl2 
(0.8 mL) in an NMR tube at –50 °C. One equivalent of pyridine (15 mL, d = 0.98 g×mL–1, 0.19 mmol) 
was added at –80 °C. The reagents were mixed at –80 °C and the NMR tube was kept at this 
temperature for 30 h. The 1H NMR spectrum at –80 °C displayed the signals characteristic of 25 (data 
in 4.23), 26+ (data in 4.26), 27+ (data in 4.28), and 18. Multiplets at 8.08 (t), 8.47 (t), 8.83 (d) ppm 
were assigned to the pyridine/pyridinium mixture. The data of the experiment are presented in the 
form of a table of relative concentrations (Table 15). 
 
Table 15. Relative concentrations of 25, 27+, 26+, and 18 as a function of time and temperature. 
 
Temperature in °C  Time 25 27+ 26+ 18 
–80 30 h 53 37 8 2 
–70 1 h 40 48 9 3 
–70 2.5 h 33 54 9 4 
–80 120 h 5 80 9 6 
–80 336 h 0 82 10 8 
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Experiment 3: The NMR tube from the previous experiment was kept at –80 °C for two weeks. 
Pyridine (0.1 mL, d = 0.98 g×mL–1, 1.24 mmol) was then added at –80 °C and the reagents were 
mixed. The 1H NMR spectrum, recorded without delay at –80 °C, displayed the signals characteristic 
of 26+ (data in 4.26), 27+ (data in 4.28) and 18. The temperature was increased in 10 K steps over the 
range from –80 to 10 °C, and the sample was kept at the chosen temperature for 10 min before the 
spectrum was recorded. The data of the experiment are presented in the form of a table of relative 
concentrations (Table 16). 
 
Table 16. Relative concentrations of 27+, 26+, and 18 as a function of temperature. 
 
Temperature in °C 27+ 26+ 18 
–80 82 10 8 
–70 84 8 8 
–60 84 9 7 
–50 85 9 6 
–40 82 11 7 
–35 80 12 8 
–30 76 12 12 
–25 75 13 12 
–20 60 26 14 
–15 48 36 16 
–10 39 45 16 
–5 27 55 18 
0 13 67 20 
5 8 71 21 
10 1 76 23 
 
 
4.28 NMR Tube Experiment: The System 25/[C5H5NH]Tf  
 
A solution of 25 (22 mg, 0.095 mmol) in CD2Cl2 (0.8 mL) was added to an NMR tube 
containing [C5H5NH]CF3SO3 (21 mg, 0.095 mmol) at –80 °C and the reagents were mixed. 1H NMR 
spectra were recorded after one, two, and three weeks at –80 °C. As some solid [C5H5NH]CF3SO3 
had formed, the mixing process was repeated. The data of the experiment are presented in the form of 
a table of relative concentrations (Table 17). 
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Table 17. Relative concentrations of 25, 27+, 26+, and 18 as a function of time. 
 
Time 25 27+ 26+ 18 
1 week 26 69 4 1 
2 weeks 19 75 4 2 
3 weeks 0 93 5 2 
 
After three weeks good NMR spectra of 27+ could be recorded from this reaction mixture. 
 
Systematic name of (27)CF3SO3: [(h5-cyclopentadienyl){N-[h4-(1'Z,2'Z,3'Z)-1',2',3'-trimethylpenta-
1',3'-dienyl]pyridinium}cobalt(1+)] trifluoromethanesulfonate 
 
Atom numbering: 
Co
N
H
12
3
4
CF3SO3
 
 
1H NMR (200 MHz, CD2Cl2, –80 °C): 
d = -0.49 (d, J = 7.6 Hz, 4-Me), 1.94 (s, Me), 2.11 (s, Me), 2.18 (s, Me), 3.76 (q, J = 7.6 Hz, 
4-H), 4.89 (s, Cp); pyridine: 7.60 (t, J = 6.5 Hz, b-Hexo), 7.96 (t, J = 6.5 Hz, b-Hendo), 8.23 (tt, 
J = 7.8 Hz, J = 1.5 Hz, g-H), 9.24 (d, J = 6.1 Hz, a-Hendo); partial assignments by analogy to 
26+. Multiplets at d = 8.08 (t), 8.47 (t), 8.83 (d) were assigned to the pyridine/pyridinium 
mixture. The intensities of the low field multiplets at 7.60, 7.96, 8.23, 9.24 ppm were in the 
ratio 1:2:1:1 respectively. The doublet due to one of the a hydrogens was superimposed with 
the triplet at 7.96 ppm explaining the overall relative integral intensity of 2H. 
 
13C{1H} NMR (50 MHz, CD2Cl2, –80 °C): 
d = 13.2 (4-Me), 17.2 (Me), 24.2 (Me), 35.6 (1-Me), 49.3 (C-4, APT), 82.7 (C-2), 83.8 (Cp), 
87.8 (C-1), 100.0 (C-3); pyridine: 128.0 (b-Cexo), 128.3 (b-Cendo), 143.1 (a-Cexo), 144.0 (g-C), 
147.7 (a-Cendo); tentative and partial assignments by analogy to the case of 26+. 
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4.29 Synthesis of [CpCo{h4-C4HantiMe4(NC5H5)}]Tf [(26)CF3SO3] 
 
Pyridine (10 mL) and thereafter CH2Cl2 (15 mL) were added to a mixture of 25 (649 mg, 2.79 
mmol) and [C5H5NH]CF3SO3 (640 mg, 2.79 mmol). After stirring for 1 h the solution was 
concentrated and addition of Et2O precipitated red microcrystalline powder. The raw product was 
purified by re-precipitation from a CH2Cl2 solution yielding (26)CF3SO3 (1.21 g, 94%) as 
spectroscopically pure, red, microcrystalline powder, with 1H NMR data identical to those for 
(26)BF4 (data in 4.26). 
 
Systematic name of (26)CF3SO3: [(h5-cyclopentadienyl){N-[h4-(1'Z,2'Z,3'E)-1',2',3'-trimethylpenta-
1',3'-dienyl]pyridinium}cobalt(1+)] trifluoromethanesulfonate 
 
4.30 Variable Temperature 1H NMR Spectra of (26)CF3SO3 
 
A solution of (26)CF3SO3 (96 mg, 0.21 mmol) in CD3NO2 (0.8 mL) was prepared in an NMR 
tube. The temperature was increased in 10 K steps over the range from 40 to 80 °C, and the sample 
was kept at the chosen temperature for 5 min before the spectrum was recorded. 
 
1H NMR (200 MHz, CD3NO2, 40 °C):  
d =  -0.24 (q, J = 6.1 Hz, 4-H), 1.22 (d, J = 6.1 Hz, 4-Me), 2.01 (s, 1-Me), 2.22 (s, 3-Me), 
2.27 (s, 2-Me), 4.91 (s, Cp); pyridine: 7.52 (t, b-Hexo), 7.78 (d, a-Hexo), 7.96 (t, b-Hendo), 8.30 
(t, g-H), 9.37 (d, a-Hendo). 
 
The 1H NMR spectrum recorded at 50 °C showed no line-broadening; at higher temperatures (60 °C, 
70 °C) the quality of spectra started to deteriorate due to decomposition of (26)CF3SO3 as evidenced 
by appearance of numerous signals of low intensity in the regions 0.6–2.8 and 5.0–5.6 ppm. At 80 °C 
the spectrum displayed severe line broadening, however it was possible to recognize all signals of 
(26)CF3SO3 and in particular five low field signals assigned to the diastereotopic pyridine protons. 
The relative intensities (referenced to the intensity of the signal due to the residual solvent protons) of 
the signals corresponding to (26)CF3SO3 drastically decreased while those of decomposition products 
increased. 
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4.31 NMR Tube Experiment: Protonation of 25 with CF3CO2D and Subsequent Reaction 
with Pyridine 
 
A solution of 25 (255 mg, 1.09 mmol) in CH2Cl2 (10 mL) was treated with CF3CO2D (0.59 
mL, d = 1.5 g×mL–1, 7.69 mmol) at –50 °C. The mixture was stirred for 10 min. Pyridine (1.17 mL, d 
= 0.98 g×mL–1, 15.26 mmol) was then added and the mixture was slowly warmed to ambient 
temperature. Removal of all volatiles in a vacuum afforded a pink residue. 
 
1H NMR (200 MHz, CD2Cl2): 
The following signals were assigned to the product (30)CF3CO2: 
d = -0.51 (q, J = 6.1 Hz, 4-H), 1.00 (d, J = 6.1 Hz, 4-Me), 1.79 (s, 1-Me), 1.97 (s, 3-Me), 2.05 
(s, 2-Me), 4.71 (s, Cp), 7.85 (d, a-Hexo, C5H5N), 7.93 (t, b-Hendo, C5H5N), 8.18 (t, g-H, 
C5H5N), 9.50 (d, a-Hendo, C5H5N). 
 
The signal corresponding to b-Hexo of C5H5N in (30)CF3CO2 was superimposed with the signal at 
7.49 ppm assigned to C5H5ND(H)+. The relevant integral intensities were: 1.0 (4-H), 2.9 (4-Me), 0.8 
(1-Me), 3.1 (3-Me), and 2.8 (2-Me), suggesting the formula [CpCo{h4-C(NC5H5)(CDxH3–x) 
C(Me)C(Me)C(Mesyn)(Hanti)}]CF3CO2 for the product (30)CF3CO2 where x = 2.2. 
 
The following signals were assigned to C5H5ND+/C5H5NH+: 
d = 7.49 (br, b-H, C5H5N), 7.74 (t, g-H, C5H5N), 9.04 (br, a-H, C5H5N). 
 
4.32 Synthesis of [CpCo{h4-C4HantiMe4(PPh3)}]BF4 [(31)BF4] 
  
A solution of PPh3 (3.67 g, 14 mmol) in CH2Cl2 (50 mL) was combined with a solution of 
(19)BF4 (640 mg, 2.00 mmol) in CH2Cl2 (10 mL) at –60 °C. The reaction mixture was allowed to 
warm up to ambient temperature overnight. Then the volume was reduced in a vacuum to ~10 mL 
and addition of THF (~100 mL) precipitated a dark red powder. The product was further purified by 
several re-precipitations from CH2Cl2/THF and finally from CH2Cl2/Et2O to yield (31)BF4 (1.14 g, 
98%); m.p. 145 °C, dec. 150 °C.  
 
Elemental Analysis (calcd. for C31H33CoBF4P, M = 582.30 g×mol–1): 
Calcd.: 
Found: 
C, 63.94%; 
C, 64.00%; 
H, 5.71%. 
H, 5.70%. 
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Systematic name of (31)BF4: [(h5-cyclopentadienyl){P,P,P-triphenyl-P-[h4-(1'Z,2'Z,3'E)-1',2',3'-tri-
methylpenta-1',3'-dienyl]phosphonium}cobalt(1+)] tetrafluoroborate 
 
Atom numbering: 
BF4
Co
PPh3
12
3
4
H
 
 
1H NMR (500 MHz, CD2Cl2): 
d = 0.85 (d, J = 6.4 Hz, 4-Me), 1.24 (q, J = 6.4 Hz, 4-H), 1.34 (d, 3JPH = 16.2 Hz, 1-Me, NOE), 
1.83 (s, 3-Me, NOE), 2.56 (d, 4JPH = 2.4 Hz, 2-Me, NOE), 4.76 (s, Cp); PPh3: 7.63 (m, Ho, 
HSQC), 7.73 (m, Hm, HSQC), 7.75 (m, Hp, HSQC). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 14.9 (3-Me, HSQC), 17.5 (2-Me, HSQC), 18.4 (4-Me, HSQC), 29.0 (C-1, HMBC) 30.0 
(d, 2JPC = 12.4 Hz, 1-Me, HSQC), 52.1 (C-4, HSQC), 85.2 (Cp), 92.3 (C-2, HMBC), 97.3 (C-
3, HMBC); PPh3: 122.4 (d, 1JPC = 80.6 Hz, Ci, HMBC), 129.9 (d, 2JPC = 11.5 Hz, Co, HSQC), 
134.0 (d, 3JPC = 8.6 Hz, Cm, HSQC), 134.2 (d, 4JPC = 2.8 Hz, Cp, HSQC). 
 
13C{1H} NMR (50 MHz, CD2Cl2): 
d = 14.8 (3-Me), 17.4 (d, 3JPC = 2.8 Hz, 2-Me), 18.3 (4-Me), 29.4 (d, 1JPC = 46.0 Hz, C-1), 
29.9 (d, 2JPC = 13.0 Hz, 1-Me), 52.0 (d, 3JPC = 3.4 Hz, C-4), 84.9 (Cp), 92.0 (d, 2JPC = 1.5 Hz, 
C-2), 97.0 (d, 3JPC = 2.0 Hz, C-3); PPh3: 122.1 (d, 1JPC = 80.2 Hz, Ci, HMBC), 129.7 (d, 2JPC = 
11.9 Hz, Co, HSQC), 133.8 (d, 3JPC = 8.5 Hz, Cm, HSQC), 134.0 (d, 4JPC = 3.0 Hz, 
Cp, HSQC). 
 
The complex cation 31+ exhibits fast relaxation of the carbon C-1 and the signal at 29.4 ppm assigned 
to this carbon is usually absent in 13C{1H} NMR spectra. The shift of this signal was first derived 
from the HMBC spectrum. Reduction of the relaxation delay from 0.2 to 0.02 seconds resulted in an 
efficient increase of the intensity of the signal which was observed as a doublet with a coupling 
constant of 46.0 Hz. 
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31P{1H} NMR (202 MHz, CD2Cl2): 
d = 25.9 (PPh3). 
 
4.33 Deprotonation of  (19)BF4 with DMSO and Formation of 18 
 
Dimethylsulfoxide (5 mL) was added to a solution of (19)BF4 (253 mg, 0.79 mmol) in CH2Cl2 
(10 mL) at ca. –40 °C. Then the solution was warmed up to 30 °C and stirred for 30 min. 
Concentrating the solution to ca. 5 mL under vacuum, extraction of the raw product with hexane, 
followed by filtration of the combined extracts through a short plug of alumina, and finally removal 
of the hexane afforded 18 (124 mg, 67%) as spectroscopically pure [1H NMR (200 MHz, CD2Cl2)] 
yellow crystalline solid.  
 
4.34 NMR Tube Experiment: Pyridine/4-Picoline Exchange Reaction of (26)CF3SO3 
 
First a reference NMR spectrum of an authentic sample of 4-picoline was recorded.  
 
1H NMR (200 MHz, CD2Cl2): 
d = 2.31 (s, CH3–C5H4N), 7.08 (m, b-H, C6H7N), 8.43 (dd, J = 1.7 Hz, J = 4.4 Hz, a-H, 
C6H7N). 
 
Then 4-picoline (16 mL, d = 0.957 g×mL–1, 0.17 mmol) was added to an NMR tube containing a 
solution of (26)CF3SO3 (77 mg, 0.17 mmol) in CD2Cl2 (0.7 mL). The content was mixed by shaking 
and a 1H NMR spectrum was recorded after 10 min. 
 
1H NMR (200 MHz, CD2Cl2): 
d = -0.37 (q, J = 6.1 Hz, 4-H, 26+ and 32), 1.17 (d, J = 6.1 Hz, 4-Me, 26+ and 32+), 1.89 (s, 1-
Me, 32+), 1.93 (s, 1-Me, 26+), 2.15 (s, 3-Me, 26+ and 32+), 2.19 (s, 2-Me, 32+), 2.20 (s, 2-Me, 
32+), 2.48 (s, CH3–C5H4N, 32+), 2.72 (broad, CH3–C5H4N), 4.80 (s, Cp, 32+), 4.82 (s, Cp, 
26+), 7.27 (dd, a-Hexo, C6H7N, 32+), 7.51 (dd, b-Hexo, C6H7N, 32+), 7.70 (d, a-Hexo, C5H5N, 
26+), 7.75 (dd, a-Hendo, C6H7N, 32+), 8.00 (t, b-Hendo, C5H5N, 26+), 8.19 (t, g-H, C5H5N, 26+), 
9.15 (dd, b-Hendo, C6H7N, 32+), 9.37 (d, a-Hendo, C5H5N, 26+). 
 
The signal corresponding to b-Hexo of C5H5N in 26+, was superimposed with the signal due to a-Hexo 
of C6H7N in 32+. No low field signals of the free pyridine and 4-picoline were observed. The ratio 
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between 26+ and 32+ was 27:73 as evaluated by integral intensities. According to the spectra recorded 
after 1 h, 2 h, 2.5 h, and 1 day the ratio 26+:32+ was 27:73. 
 
4.35 Synthesis of [CpCo{h4-C4HantiMe4(4-pycoline)}]BF4 [(32)BF4] 
 
A solution of the pyridinio derivative (26)BF4 (112 mg, 0.28 mmol) was prepared in CH2Cl2 
(10 mL) and 4-picoline (1 mL) was added with stirring. After ca. 20 min the volume of the reaction 
mixture was reduced and addition of Et2O precipitated a red material, which was dried in a vacuum 
for ca. 0.5 h. The dry residue was dissolved in CH2Cl2 (10 mL), 4-picoline (1 mL) was added, and all 
operations were repeated for three more times. Finally, a spectroscopically pure sample of (32)BF4 
(111 mg, 96%) was obtained. 
 
Systematic name of (32)BF4: [(h5-cyclopentadienyl){N-[h4-(1'Z,2'Z,3'E)-1',2',3'-trimethylpenta-1',3'-
dienyl]-4-picolinium}cobalt(1+)] tetrafluoroborate 
 
1H NMR (200 MHz, CD2Cl2): 
d = -0.36 (q, J = 6.1 Hz, 4-H), 1.17 (d, J = 6.1 Hz, 4-Me), 1.89 (s, 1-Me), 2.15 (s, 3-Me), 2.19 
(s, 2-Me), 2.48 (s, CH3–C5H4N), 4.80 (s, Cp); 4-picoline: 7.27 (dd, J = 2.0, J = 6.2 Hz, a-
Hexo), 7.48 (dd, J = 1.5, J = 6.2 Hz, b-Hexo), 7.75 (dd, J = 2.0, J = 6.2 Hz, a-Hendo), 9.13 (dd, J 
= 1.5 Hz, J = 6.2 Hz, b-Hendo). 
 
Assignments in the 1H NMR spectrum were made by analogy to the spectrum of (26)BF4. 
 
4.36 Reaction of (26)BF4 with Allylmagnesium Chloride 
 
A solution of (allyl)magnesium chloride in ether (0.72 mL, 2 M, 1.44 mmol) was added to a 
solution of (26)BF4 (459 mg, 1.15 mmol) in CH2Cl2 (15 mL). Stirring was continued overnight. Then 
all volatiles were removed in a vacuum. Extraction of the residue with hexane, followed by filtration 
of the combined extracts through a short plug of alumina, and finally removal of the hexane afforded 
a red oil. The 1H NMR (200 MHz, CD2Cl2) spectrum displayed only signals with chemical shifts and 
integral intensities characteristic of the hexadiene complex 23 (data in 4.21). The yield was not 
determined. 
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4.37 Synthesis of CpCo(h4-C4HantiMe4CN) (33) 
 
A solution of (26)BF4 (395 mg, 0.99 mmol) in CH2Cl2 (10 mL) was mixed with a solution of 
[Bu4N]CN (531 mg, 1.98 mmol) in CH2Cl2 (10 mL) at –80 °C. The mixture was allowed slowly to 
warm up while stirring was continued for 24 h. Then all volatiles were removed, the residue was 
extracted several times with a hexane/ether (4:1) mixture and filtered through a layer of alumina (ca. 
2 cm). Removal of the volatiles and crystallization from a CH2Cl2/hexane mixture at –80 °C yielded 
33 (218 mg, 85%) as dark red microcrystalline solid; m.p. 90–91 °C, dec. 126 °C. 
 
Elemental Analysis (calcd. for C14H18CoN, M = 259.23 g×mol–1): 
Calcd.: 
Found: 
C, 64.86%; 
C, 64.92%; 
H, 6.99%; 
H, 7.08%; 
N, 5.40%. 
N, 5.37%. 
 
Systematic name of 33: (h5-cyclopentadienyl)[h4-(2Z,3Z,4E)-2,3,4-trimethylhexa-2,4-dienenitrile)]- 
cobalt 
 
Atom numbering: 
123
4
5
Co
C
H N
 
 
1H NMR (500 MHz, CD2Cl2):  
d = 1.33 (d, J = 6.1 Hz, 5-Me), 1.43 (s, 2-Me, HMBC), 1.84 (q, J = 6.1 Hz, 5-H), 2.06 (s, 4-
Me, HMBC), 2.15 (s, 3-Me, HMBC), 4.61 (s, Cp). 
 
In the 200 MHz 1H NMR spectra a not well resolved doublet at 2.06 ppm was observed as already 
described for the 1H NMR spectra of 26+ (4.26).  
Parameters of FID: 
spectrometer frequency: 199.97 MHz 
data points: 32768  
spectral width: 4000 Hz  
digital resolution: 0.244 Hz per point 
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For a precise evaluation of the coupling constant zero filling with 98304 points and digital filtering 
with a Lorentz Gauss function were applied to the FID. The following parameters were used: 
window function: F(t) = e(–t/a–t
2/b), where a = –0.9, b = 0.3 
The Fourier transformation gave a spectrum with enhanced resolution and a coupling constant of 0.61 
Hz was determined for the doublet. The spectrum also revealed a fine splitting of the quadruplet at 
1.84 ppm although this was not fully resolved. The doublet at 2.06 ppm and the fine splitting of the 
quadruplet at 1.84 ppm are assigned to a 4J coupling of the methyl group 4-Me with the terminal 
hydrogen 5-H. 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 15.6 (4-Me, HSQC), 16.2 (3-Me, HSQC), 19.7 (5-Me, HSQC), 24.2 (C-2, HMBC), 25.7 
(2-Me, HMBC), 51.2 (C-5, HSQC), 83.2 (Cp), 88.4 (C-3, HMBC), 95.0 (C-4, HMBC), 125.5 
(C-1, HMBC). 
 
The shift of the signal corresponding to the carbon C-2 was first derived from a HMBC spectrum. 
The observation of this signal in the 13C{1H} NMR spectra was difficult because of very low 
intensity. Cooling down the sample to –80 °C greatly increased the intensity which became 
comparable with the intensity of other quaternary carbons. 
 
IR (CH2Cl2): n(CN) = 2182.98 cm–1. 
 
4.38 NMR Tube Experiment: Protonation of 33 with CF3CO2H 
 
In an NMR tube a solution of 33 (30 mg, 0.11 mmol) in CD2Cl2 (0.7 mL) was combined with 
CF3CO2H (25 mL, d = 1.48 g×mL–1, 0.33 mmol). The content was vigorously mixed by shaking and a 
rapid color change from red to yellow was observed.  
 
1H NMR (200 MHz, CD2Cl2): 
d = 1.78 (s), 1.85 (s), 4.63 (s, Cp), 7.8 (br, NH/CF3CO2H). 
 
13C{1H} NMR (50 MHz, CD2Cl2): 
d = 9.0, 10.4, 79.5, 85.3 (Cp), 91.9, 119.7. 
 
For the isolation of the product the content of the NMR tube was transferred to a Schlenk 
flask and all volatiles were removed in a vacuum. The residue was dissolved in water (10 mL) and 
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NH4PF6 (57 mg, 0.33 mmol) was added. The raw product was extracted with two portions of CH2Cl2 
(10 mL) which were combined and passed through a layer of alumina (0.5 cm). Then the volume was 
reduced and precipitation with Et2O afforded (34)PF6 (42 mg, 89%) as yellow powder. 
 
Systematic name of (34)PF6: [(h5-cyclopentadienyl){h5-(1-amino)-2,3,4,5-tetramethylcyclopenta-
dienyl}cobalt(1+)] hexafluorophosphate 
 
Atom numbering: 
PF6
1
2
3
4
Co
NH25
 
 
1H NMR (500 MHz, CD2Cl2): 
d = 1.98 (s, 3-/4-Me, NOE), 1.99 (s, 2-/5-Me, NOE), 4.25 (s, NH), 4.97 (s, Cp). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 9.5 (3-/4-Me), 10.4 (2-/5-Me), 79.7 (C-2/-5, HMBC), 85.6 (Cp), 92.4 (C-3/-4, HMBC), 
122.7 (C-1). 
 
4.39 Synthesis of [CpCo{h5-C5Me4(NH2)}]BF4 [(34)BF4] 
 
A solution of HBF4 in Et2O (87 mL, 54%, d = 1.18 g×mL–1, 0.636 mmol) was added dropwise 
to a solution of the nitrile complex 33 (55 mg, 0.212 mmol) in CH2Cl2. (10 ml). The color of the 
reaction mixture rapidly changed from dark red to lemon-yellow. Within seconds the solution turned 
opaque and formation of a precipitate was observed. Then ether (30 mL) was added to complete the 
precipitation of the raw product. An excess of HBF4 was removed by several washings of the 
precipitate with Et2O. For further purification the product was reprecipitated several times from 
acetone/Et2O yielding (34)BF4 (69 mg, 94%) as spectroscopically pure [1H NMR (200 MHz, 
CD2Cl2)] solid with 1H NMR data identical to those for (34)PF6 (data in 4.38). 
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Elemental Analysis (calcd. for C14H19BCoF4N, M = 347.04 g×mol–1): 
Calcd.: 
Found: 
C, 48.45%; 
C, 48.39%; 
H, 5.52%; 
H, 5.59%; 
N, 4.04%. 
N, 4.13%. 
 
Systematic name of (34)BF4: [(h5-cyclopentadienyl){h5-(1-amino)-2,3,4,5-tetramethylcyclopenta-
dienyl}cobalt(1+)] tetrafluoroborate 
 
 
4.40 NMR Tube Experiment: Reaction of (26)CF3SO3 with tert-Butylisocyanide  
 
Tert-butylisocyanide (15 mL, d = 0.736 g×mL–1, 0.134 mmol) was added to a solution of 
(26)CF3SO3 (62 mg, 0.134 mmol) in CD2Cl2 (0.7 mL). In the 1H NMR (200 MHz, CD2Cl2) spectrum 
recorded after 10 min the signals corresponding to (26)CF3SO3 (data in 4.29), (24)CF3SO3 (data in 
4.22), tert-butylisocyanide (d = 1.46) and pyridine [d = 7.30 (t, b-H), 7.70 (t, g-H), 8.57 (d, a-H)] 
were observed. The product ratio was 26+:24+ = 52:48. In subsequent recordings the signals 
corresponding to free pyridine broadened and later disappeared. According to the spectra the amount 
of 24+ was increasing while the one of 26+ was decreasing. After two days 26+ had completely 
disappeared and only signals characteristic of 24+ were left. 
 
 
4.41 NMR Tube Experiments: Reaction of (26)CF3SO3 with CF3CO2H 
 
Experiment 1: Trifluoroacetic acid (12 mL, d = 1.48 g×mL–1, 0.154 mmol) was added to a solution of 
(26)CF3SO3 (71 mg, 0.154 mmol) in CD2Cl2 (0.7 mL) in an NMR tube. In the 1H NMR spectrum, 
recorded immediately after mixing, all signals were broad and the resolution was low. Insoluble 
particles of pyridinium salt and of possible decomposition products were separated utilizing a 
centrifuge and a new spectrum with significantly improved resolution was recorded. The spectrum 
displayed the signals characteristic of 26+ and of 21+ (data in 4.18). The ratio 21+:26+ was 56:44. 
 
Experiment 2: In a similar experiment with a 5:1 ratio of the reactants [CF3CO2H (54 mL, 0.705 
mmol), (26)CF3SO3 (65 mg, 0.141 mmol)] the quality of the 1H NMR (200 MHz, CD2Cl2) spectrum 
was poor, all signals were broad and the resolution was low. After all insoluble material was removed 
with the help of a centrifuge a new spectrum with significantly improved resolution was recorded. 
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1H NMR (200 MHz, CD2Cl2): 
d = 1.46 (q, J = 6.4 Hz), 1.69 (d, J = 6.4 Hz), 2.17 (dd, J = 3.7 Hz, J = 12.0 Hz), 2.28 (s), 2.51 
(s), 3.89 (dd, J = 3.7 Hz, J = 10.0 Hz), 5.33 (s), 8.12 (t, b-H, C5H5NH+), 8.64 (t, g-H, 
C5H5NH+), 8.92 (d, a-H, C5H5NH+). 
 
According to the spectrum species 21+ and C5H5NH+ were present in the reaction mixture. 
 
Experiment 3: Trifluoroacetic acid (109 mL, d = 1.48 g×mL–1, 1.407 mmol) was added to a solution 
of (26)CF3SO3 (93 mg, 0.201 mmol) in CD2Cl2 (0.7 mL) in an NMR tube. The color of the solution 
changed to dark red. 
 
1H NMR (200 MHz, CD2Cl2): 
d = 1.83 (s), 2.39 (d, J = 6.6 Hz), 2.57 (s), 2.59 (s), 3.18 (q, J = 6.6 Hz), 5.39 (s, Cp), 8.10 (t, 
b-H, [C5H5NH]+), 8.63 (t, g-H, [C5H5NH]+), 8.89 (d, a-H, [C5H5NH]+), 12.24 (CF3CO2H), 
14.04 (t, [C5H5NH]+). 
 
A 1H NMR (200 MHz, CD2Cl2) spectrum recorded after one day showed deterioration due to 
numerous decomposition products. For complete assignments of a new species 28+ a 1:7 reaction of 
(26)CF3SO3 with CF3CO2H was performed in an NMR tube (mixing at ambient temperature) and all 
spectra were measured on a 500 MHz spectrometer without delay at –20 °C. 
 
Systematic name of (28)CF3CO2: [(h5-cyclopentadienyl){h4-(2Z,3E)-1,2,3-trimethylpenta-1,3-dien-1-
yl}cobalt(1+)] trifluoroacetate 
 
Atom numbering: 
CF3CO212
3
4
Co
H
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1H NMR (500 MHz, –20 °C, CD2Cl2): 
d = 1.80 (s, 2-Me, HMBC), 2.37 (d, J = 6.6 Hz, 4-Me), 2.53 (s, 1-Me, HMBC), 2.56 (s, 3-Me, 
HMBC), 3.13 (q, J = 6.6 Hz, 4-H), 5.36 (s, Cp). 
13C{1H} NMR (126 MHz, –20 °C, CD2Cl2): 
d = 11.5 (2-Me, HMQC), 17.5 (3-Me, HMQC), 20.0 (4-Me, APT), 31.3 (1-Me, HMQC), 77.6 
(C-4, HMQC), 88.7 (Cp), 100.3 (C-2, HMBC), 117.3 (C-3, HMBC), 288.4 (C-1).  
 
4.42 Synthesis of CpCo[h4-C4HantiMe3(CH2)] (35) 
 
Trifluoroacetic acid (3.1 mL, 40 mmol) was added to a solution of (26)BF4 (2.02 g, 5.06 
mmol) in CH2Cl2 (20 mL) at 0 °C. The mixture was stirred for 30 min and then was added slowly to a 
slurry of alumina (ca. 30 g) in Et3N/hexane (22 mL / 80 mL) at 0 °C. After stirring for 30 min the 
orange-red solution was passed through a layer of alumina (2–3 cm), and all volatiles were removed 
in a vacuum to give a red oil. Crystallization from a minimal amount of hexane at –80 °C overnight 
afforded 35 (0.668 g, 57%) as red crystalline solid; m.p. 30 °C.  
 
Elemental Analysis (calcd. for C13H17Co, M = 232.21 g×mol–1): 
Calcd.: 
Found: 
C, 67.24%; 
C, 67.01%; 
H, 7.38%. 
H, 7.26%. 
 
Systematic name of 35: (h5-cyclopentadienyl)[(2–5h)-(3Z,4E)-3,4-dimethylhexa-1,2,4-triene]cobalt 
 
Atom numbering: 
1
23
4
Co
H
5
 
 
1H NMR (500 MHz, CD2Cl2):  
d = 0.50 (q, J = 6.5 Hz, 5-H), 1.31 (d, J = 6.5 Hz, 5-Me), 1.86 (s, 3-Me, HMBC), 2.18 (s, 4-
Me, HMBC), 4.63 (s, Cp), 4.72 (d, J = 2.1 Hz, 1-Hanti), 4.88 (d, J = 2.1 Hz, 1-Hsyn). 
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In the 200 MHz 1H NMR spectra a not well resolved doublet at 2.18 ppm was observed as already 
described for the 1H NMR spectra of 26+ (4.26). 
Parameters of FID: 
spectrometer frequency: 199.97 MHz 
data points: 32768  
spectral width: 4000 Hz  
digital resolution: 0.244 Hz per point 
For a more precise evaluation of the coupling constant zero filling with 98304 points and digital 
filtering with a Lorentz Gauss function were applied to the FID. The following parameters were used: 
window function: F(t) = e(–t/a–t
2/b), where a = –1.0, b = 0.4 
Fourier transformation gave a spectrum with enhanced resolution and the coupling constant of 0.79 
Hz was determined for the doublet. The spectrum also revealed a fine splitting of the quadruplet at 
0.50 ppm with the same coupling constant. The doublet at 2.18 ppm and the fine splitting of the 
quadruplet at 0.50 ppm are assigned to a 4J coupling of the methyl group 4-Me with the terminal 
hydrogen 5-H. 
 
13C{1H} NMR (126 MHz, CD2Cl2):  
d = 14.0 (4-Me, HSQC), 16.9 (3-Me, HSQC), 19.2 (5-Me, HSQC), 49.6 (C-5, APT), 72.4 (C-3, 
HMBC), 83.2 (Cp), 97.2 (C-4, HMBC), 97.3 (C-1, HSQC), 171.9 (C-2, HMBC). 
 
 
4.43 NMR Tube Experiments: Protonation of 25 with CF3CO2H 
 
Experiment 1: Trifluoroacetic acid (13 mL, d = 1.48 g×mL–1, 0.17 mmol) was added to a solution of 
25 (41 mg, 0.17 mmol) in CD2Cl2 (0.7 mL) in an NMR tube. The content was mixed by shaking and 
the solution turned opaque. According to the 1H NMR spectrum (200 MHz, CD2Cl2) only species 18 
(58% determined by integral intensity) was identified as a product.  
 
Experiment 2: In a similar experiment with a 7:1 ratio of the reactants [CF3CO2H (109 mL, 1.42 
mmol), 25 (47 mg, 0.20 mmol)] the spectrum (1H, 200 MHz, CD2Cl2) showed that only species 19+ 
and CF3CO2H were present in the mixture. No signals attributable to side-line reactions or 
decomposition were observed. 
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4.44 NMR Tube Experiments: Protonation of 35 with CF3CO2H  
 
Experiment 1: Trifluoroacetic acid (13 mL, d = 1.48 g×mL–1, 0.17 mmol) was added to a solution of 
35 (40 mg, 0.17 mmol) in CD2Cl2 (0.7 mL) in an NMR tube. The content was mixed by shaking. The 
solution turned opaque and formation of a precipitate was observed. All insoluble material was 
removed utilizing a centrifuge. In the 1H NMR spectrum a large number of resonances spanning the 
regions 0.5–2.5 ppm and 4.5–5.5 ppm were seen indicating the formation of several products. Neither 
species (28)CF3CO2, nor any other known complexes were identified. No attempt to separate and 
isolate the products was made. 
 
Experiment 2: In a similar experiment with a 7:1 ratio of the reactants [CF3CO2H (118 mL, 1.54 
mmol), 35 (51 mg, 0.22 mmol)] and mixing at –40 °C no solids and obvious decomposition products 
formed. But even then, it was not possible to record any spectrum of good quality in the temperature 
range from –40 to 10 °C. At ambient temperature multitude of resonances spanning the regions 0.5–
2.5 ppm and 4.5–5.5 ppm was observed. Similarly, neither species (28)CF3CO2, nor any other known 
complexes were identified. 
 
 
4.45 NMR Tube Experiments: Reaction of 35 with [C5H5NH]Tf 
 
Experiment 1: Complex 35 (67 mg, 0.29 mmol) and [C5H5NH]CF3SO3 (66 mg, 0.29 mmol) were 
dissolved in CD2Cl2 (0.7 mL) producing a turbid brownish solution. After centrifugation the 1H NMR 
spectrum showed a multitude of resonances spanning the regions 0.5–2.5 ppm and 4.5–5.5 ppm. 
Neither species (26)CF3SO3, nor any other known complexes were identified. No attempt to separate 
and isolate products was made. 
 
Experiment 2: Pyridine (85 mL, 105 mmol) and thereafter CD2Cl2 (0.7 mL) were added to a mixture 
of complex 35 (35 mg, 0.15 mmol) and [C5H5NH]CF3SO3 (34 mg, 0.15 mmol) in an NMR tube. The 
red transparent solution so obtained exhibited a very clean 1H NMR spectrum with sharp signals 
characteristic of (26)CF3SO3. Some low intensity signals were not assigned and corresponded to side-
line products. According to integral intensities the yield of (26)CF3SO3 was 86%. 
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4.46 Synthesis of [CpCo{s,h4-C4Hsyn(CH2CPh3)Me3}]BF4 [(36)BF4] 
 
A solution of the hexatriene complex 25 (740 mg, 3.19 mmol) in CH2Cl2 (25 mL) was mixed 
with a solution of [Ph3C]BF4 (1.04 g, 3.15 mmol) in CH2Cl2 (25 mL) at –80 °C. Stirring for 1 h was 
followed by addition of diethyl ether (30 mL). The reaction mixture was kept at –80 °C overnight. 
Then the dark-brown solution was separated from a crystalline precipitate. The solution was reduced 
in volume, and addition of diethyl ether precipitated the product, which was purified by re-
precipitation from CH2Cl2/Et2O to yield (36)BF4 (1.48 g, 83%); m.p. 123 °C (dec.). 
 
Elemental Analysis (calcd. for C32H32CoBF4, M = 562.33 g×mol–1): 
Calcd.: 
Found: 
C, 68.35%; 
C, 67.62%; 
H, 5.73%. 
H, 5.79%. 
 
Systematic name of (36)BF4: [(h5-cyclopentadienyl){h4-(2Z,3Z)-1,2,3-trimethyl-5-triphenylmethyl-
penta-1,3-dienyl)cobalt(1+)] tetrafluoroborate 
 
Atom numbering: 
BF4
Co
CPh3
12
3
4
5
H
 
 
1H NMR (500 MHz, CD2Cl2): 
d = –0.46 (dd, 2J5exo,5endo = 15.0 Hz, 3J4,5exo = 11.2 Hz, 5-Hexo (CH2), HSQC), 1.61 (s, 2-Me, 
HMBC), 1.77 (s, 3-Me) , 2.71 (s, 1-Me, HMBC), 3.33 (dd, 2J5exo,5endo = 15.0 Hz, 3J4,5endo = 1.5 
Hz, 5-Hendo (CH2), HSQC), 5.52 (s, Cp), 6.12 (dd, 3J4,5exo = 11.2 Hz, 3J4,5endo = 1.5 Hz, 4-H, 
HSQC, APT), 7.14 (m, Ho (Ph), NOE, HMBC), 7.24 (m, Hp (Ph), HSQC), 7.33 (m, Hm (Ph), 
HMBC). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 11.3 (2-Me, HSQC), 23.3 (3-Me, HSQC), 31.6 (1-Me, HSQC), 54.6 (C-5, HMBC, APT), 
60.7 (C-6, HMBC), 85.8 (C-4, HMBC, APT), 88.9 (Cp), 100.1 (C-2, HMBC), 121.2 (C-3, 
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HMBC), 127.0 (Cp (Ph), HSQC), 128.8 (Cm (Ph), HSQC), 129.3 (Co (Ph), HSQC), 146.0 (Ci 
(Ph), HMBC), 293.8 (C-1). 
 
4.47 NMR Tube Experiment: Thermolysis of 25 in Toluene-d8 
 
A solution of 25 (41 mg, 0.176 mmol) in C6D5CD3 (0.7 mL) was prepared in an NMR tube. 
 
1H NMR (200 MHz, C6D5CD3): 
d = 0.67 (d, J = 6.8 Hz, 5-Me), 1.69 (s, 3-Me), 1.85 (s, 4-Me), 3.16 (q, J = 6.8 Hz, 5-H), 4.43 
(s, Cp), 4.93 (d, J = 2.2 Hz, 1-Hanti), 5.18 (d, J = 2.2 Hz, 1-Hsyn). 
 
The NMR tube was heated to 60 °C for 18 h. The 1H NMR spectrum did not show any changes. 
Similarly no changes were observed when the reaction mixture was heated to 70 °C for 5 h. After 
14.5 h at 80 °C the spectrum showed that three species 25 (data in 4.23), 35 (data in 4.42), and 37 
(data in 4.49) were present in the mixture. 
 
Table 18. Relative concentrations of 25, 35, and 37 during the thermolysis of 25 in C6D5CD3 at 80 
°C. 
 
Time (h) 25 35 37 
14.5 76 15 9 
20.5 64 21 15 
39 45 28 27 
72 26 32 42 
91 19 35 46 
113.5 13 37 50 
134.5 6 39 55 
156.5 3 40 57 
 
Low field signals [d = 4.91 (superimposed), 4.96 (d, J = 1.5 Hz), 5.04 (d, J = 1.5 Hz), 5.12 (d, J = 1.5 
Hz)] and high field signals [d = 1.61 (br), 1.66 (s), and 1.9 (br)] were assigned to free cis/trans 3,4-
dimethylhexa-1,2,4-trienes. The many resonances spanning the region 0.6–1.4 ppm and at 4.17 (dd, J 
= 2.4 Hz, J = 5.6 Hz), 5.42 (br), 6.94 (dd, J = 10.7 Hz, J = 17.1 Hz), and 7.52 (dd, J = 3.2 Hz, J = 5.6 
Hz) ppm were attributed to follow-up products of free cis/trans 3,4-dimethylhexa-1,2,4-trienes. 
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4.48 NMR Tube Experiment: Thermolysis of 35 in Toluene-d8 
 
A solution of 35 (45 mg, 0.193 mmol) in C6D5CD3 (0.7 mL) was prepared in an NMR tube. 
 
1H NMR (200 MHz, C6D5CD3):  
d = 0.70 (q, J = 6.4 Hz, 5-H), 1.08 (d, J = 6.4 Hz, 5-Me), 1.68 (s, 3-Me), 1.87 (s, 4-Me), 4.38 
(s, Cp), 4.92 (d, J = 2.0 Hz, 1-Hanti), 5.11 (d, J = 2.0 Hz, 1-Hsyn). 
 
The NMR tube was heated to 60 °C for 18 h. The 1H NMR spectrum did not show any changes. 
Similarly no changes were observed when the reaction mixture was heated to 70 °C for 5 h, and at 80 
°C for 14.5 h. After 39 h at 80 °C two new singlets of low intensity at 4.33 and 4.60 ppm appeared 
which were assigned to species 37 (data in 4.49). 
 
Table 19. Relative concentrations of 35 and 37 during the thermolysis of 35 in C6D5CD3. 
 
Time (h) Temperature (°C) 35 37 
39 80 98 2 
33 85 88 12 
18 90 79 21 
22.5 100 65 35 
21.5 100 52 48 
22 110 19 81 
 
In the 1H NMR spectra signals of free cis/trans 3,4-dimethylhexa-1,2,4-trienes and of follow-up 
products were observed as already described for the thermolysis of 25 (4.47). 
 
 
4.49 Synthesis of (m-C5H3Me3)(CoCp)2 (Co–Co)(37) 
 
A solution of 25 (694 mg, 2.98 mmol) in toluene (15 mL) was heated to 110 °C for 4 days. 
Then all volatiles were removed in a vacuum leaving a black oily residue which was 
chromatographed on alumina column (35 cm) using hexane as eluent. Removal of the solvent 
afforded 37 (487 mg, 91%) as spectroscopically pure, black, microcrystalline solid; m.p. 67 °C. 
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Elemental Analysis (calcd. for C18H22Co2, M = 356.23 g×mol–1): 
Calcd.: 
Found: 
C, 60.69%; 
C, 61.28%; 
H, 6.22%; 
H, 6.25%; 
 
Systematic name of 37: [m-2(1–3h):1(4,5h)-(1Z,2Z,3Z)-1,2,3-trimethylpenta-2,4-dien-1-ylidene-
1kC1]bis[(cyclopentadienyl)cobalt] (Co–Co) 
 
Atom numbering: 
CoCo
1
2
3
4
5
Cp 1 Cp 2 
 
1H NMR (500 MHz, CD2Cl2): 
d = –0.43 (dd, 2J5anti,5syn = 1.1 Hz, 3J4,5anti = 10.0 Hz, 5-Hanti), 1.28 (s, 2-Me, NOE), 1.58 (dd, 
2J5anti,5syn = 1.1 Hz, 3J4,5syn = 6.7 Hz, 5-Hsyn, NOE), 2.00 (s, 3-Me, NOE), 2.59 (s, 1-Me, NOE), 
3.05 (dd, 3J4,5anti = 10.0 Hz, 3J4,5syn = 6.7 Hz, 4-H), 4.60 [s, Cp(Co-2), NOE], 4.87 [s, Cp(Co-1), 
NOE]. 
 
1H NMR (200 MHz, C6D5CD3): 
d = –0.33 (dd, 2J5anti,5syn = 1.0 Hz, 3J4,5anti = 10.0 Hz, 5-Hanti), 1.11 (s, 2-Me), 1.47 (dd, 
2J5anti,5syn = 1.0 Hz, 3J4,5syn = 6.8 Hz, 5-Hsyn), 1.84 (s, 3-Me), 2.47 (s, 1-Me), 3.05 (dd, 3J4,5anti = 
10.0 Hz, 3J4,5syn = 6.8 Hz, 4-H), 4.33 [s, Cp(Co-2)], 4.60 [s, Cp(Co-1)]. 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 14.5 (2-Me, HETCOR), 23.0 (3-Me, HETCOR), 26.8 (C-5, HETCOR), 30.5 (1-Me, 
HETCOR), 55.0 (C-4, APT, HETCOR), 69.5 (C-3, HMBC), 81.7 [Cp(Co-2), HETCOR], 85.0 
[Cp(Co-1), HETCOR], 87.1 (C-2, HMBC), 161.1 (C-1). 
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4.50 Protonation of 37 with HBF4 
 
A solution of HBF4 in Et2O (0.25 mL, 54%, d = 1.18 g/mL, 1.72 mmol) was added dropwise 
with stirring to a solution of complex 37 (307 mg, 0.86 mmol) in CH2Cl2 (10 mL). After ca. 10 min 
the product was formed as a crystalline precipitate. Addition of ether precipitated the rest of the 
product in the form of a brown-green microcrystalline powder. Purification by re-precipitation from 
CH2Cl2/Et2O afforded (38)BF4 (359 mg, 94%). 
 
Elemental Analysis (calcd. for C18H23Co2BF4, M = 444.05 g×mol–1): 
Calcd.: 
Found: 
C, 48.69%; 
C, 48.54%; 
H, 5.22%; 
H, 5.44%; 
 
Atom numbering: 
CoH
Co
1 2
Cp1
Cp2
1' 2'
 
 
1H NMR (500 MHz, CD2Cl2): 
d = –17.26 (mH), 2.1 (s, 2/2’-Me), 2.43 (d, J = 2.0 Hz, 1/1’-Me), 5.26 (s, Cp2), 5.40 (s, Cp1, 
NOE). 
 
13C{1H} NMR (126 MHz, CD2Cl2): 
d = 15.8 (2/2’-Me, HSQC), 29.1 (1/1’-Me, HSQC), 86.2 (Cp1, HSQC), 86.8 (Cp2, HSQC), 
111.5 (C-2/2’, HMBC), 141.1 and 141.4 (C-1/1’, HMBC). 
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5. X-ray Structural Analyses 
 
 
5.1 General Procedures 
 
Single crystal structure analyses were performed in Gemeinschaftslabor der 
Arbeitsgemeinschaft fur Kristallographie und Strukturchemie (AKS), Prof.-Pirlet-Str. 1, D-52074 
Aachen, Germany. Diffraction intensity data were collected on ENRAF-Nonius CAD4 
diffractometers equipped with graphite monochromators. Before averaging over symmetry-related 
reflections numerical[161] or empirical absorption[162] corrections were applied to the data sets with 
absorption coefficients (m) larger than 10 cm–1. 
All structures were solved by direct methods with the help of the SHELXS-97 program[163] 
and refined on reflection intensities (F2) using the SHELXL-97 program.[164] In the final least-squares 
refinements, non-hydrogen atoms were assigned anisotropic displacement parameters. Hydrogen 
atoms were included as riding with fixed displacement parameters [C–H = 0.98 Å, Uiso(H) = 1.3 
Ueq(C)]. Graphic presentations were generated with Platon program.[165] 
Crystal data, data collection parameters, and convergence results for (1)BF4, (2)PF6, (19)BF4, 
25, (26)CF3SO3, and (36)BF4 are compiled in Tables 20–21. Atomic coordinates and equivalent 
isotropic displacement parameters [Ueq = 1/3 (U11+U22+U33)] for 25 and (26)CF3SO3, and (36)BF4 are 
listed in Tables 22–27. Further details of the crystal structure determinations are available on request 
from the AKS, free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge 
Crystallographic Data Centre, on quoting the depository numbers CCDC-182899 (1)BF4, CCDC-
182900 (2)PF6, CCDC-204444 (19)BF4, CCDC-251060 25, and CCDC-251061 (26)CF3SO3. 
 
 
 
 
 
 
 
 
 
 
 
 
164 
5.2 X-ray Structural Data 
 
Table 20. Crystal data, data collection parameters, and convergence results for (1)BF4, (2)PF6, 
(19)BF4. 
 
 (1)BF4 (2)PF6 (19)BF4 
Empirical formula C11H12BCoF4O3 C14H21CoF6N3P C13H18BCoF4 
Formula weight 337.95 435.24 320.03 
Crystal system monoclinic monoclinic monoclinic 
Space group P21/m C2/c P21/c 
Radiation (l [Å]) Mo-Ka (0.71073) Mo-Ka (0.71073) Mo-Ka (0.71073) 
a [Å] 10.057(3) 19.276(6) 7.4834(12) 
b [Å] 11.402(5) 10.841(2) 13.920(3) 
c [Å] 12.2362(16) 19.621(2) 13.978(7) 
b [°] 93.476(19) 103.48(2) 102.98(3) 
V [Å3] 1400.6(8) 3987(2) 1418.9(8) 
Z 4 8 4 
dcalcd [g/cm3] 1.60 1.45 1.498 
F(000) 680 1776 656 
m [mm–1] 1.267 0.992 1.236 
Absorption correction numerical numerical numerical 
Max./min. transmission 0.902/0.571 0.896/0.751 0.988/0.673 
q range [deg] 3.1–26.0 2.7–26.0 2.1–27.0 
Temperature [K] 213 213 213 
Scan mode w–2q w–2q w–2q 
Crystal size [mm] 0.67 ´ 0.48 ´ 0.10 0.25 ´ 0.23 ´ 0.12 0.40 x 0.35 x 0.05 
Reflections collected 9436 8098 15200 
Reflections unique 3402 3915 3098 
Reflections observed 1391 1335 1316 
Criterion for observation I > 2 s(I) I > 2 s(I) I > 2 s(I) 
Variables 204 272 176 
R1,[a] observed (all data) 0.084 (0.169) 0.079 (0.241) 0.066 (0.173) 
wR2,[b] observed (all data) 0.169 (0.190) 0.119 (0.148) 0.111 (0.119) 
GOF[c] 0.832 0.872 0.996 
Max. resd. density [e/Å3] 2.269 0.596 0.494 
 
[a] R1 = å||Fo|  – |Fc||/å|Fo|.  [b] wR2 = [åw(Fo2  – Fc2)2/åw(Fo2)2]1/2, where w = 1/[s2(Fo2) + 
(aP)2] and P = [max(Fo2,0) + 2Fc2]/3.  [c] GOF = [åw(Fo2  – Fc2)2/å(n – p)]1/2 
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Table 21. Crystal data, data collection parameters, and convergence results for 25, (26)CF3SO3, 
(36)BF4. 
 
 25 (26)CF3SO3 (36)BF4 
Empirical formula C13H17Co C19H23CoF3NO3S C65H66B2Cl2Co2F8 
Formula weight 232.21 461.37 1209.63 
Crystal system orthorhombic monoclinic triclinic 
Space group P212121   P21/n P1 
Radiation (l [Å]) Mo-Ka (0.71073) Mo-Ka (0.71073) Mo-Ka (0.71073) 
a [Å] 8.945(3) 8.208(2) 8.827(3) 
b [Å] 9.2280(10) 16.585(2) 9.261(4) 
c [Å] 13.732(2) 15.663(4) 19.621(12) 
a [°]   102.16(4) 
b [°]  101.28(2) 94.39(4) 
g [°]   108.84(3) 
V [Å3] 1133.5(4) 2091.0(8) 1465.7(12) 
Z 4 4 1 
dcalcd [g/cm3] 1.361 1.466 1.370 
F(000) 488 952 626 
m [mm–1] 1.472 0.965 0.719 
Absorption correction empirical empirical numerical 
Max./min. transmission 0.993/0.717 0.644/0.551 0.985/0.851 
q range [deg] 2.2–27.0 2.5–27.0 2.2–26.0 
Temperature [K] 223 223 223 
Scan mode w w–2q w–2q 
Crystal size [mm] 0.65 x 0.50 x 0.11 0.70 x 0.70 x 0.50 0.48 x 0.28 x 0.02 
Reflections collected 10810 12703 9973 
Reflections unique 2480 4565 5723 
Reflections observed 1944 3763 2764 
Criterion for observation I > 2 s(I) I > 2 s(I) I > 2 s(I) 
Variables 131 257 403 
R1[a], observed (all data) 0.0679 (0.0844) 0.0429 (0.0534) 0.1027 (0.1985) 
wR2[b], observed (all data) 0.1601 (0.1670) 0.1163 (0.1221) 0.2375 (0.2698) 
GOF[c] 1.049 1.052 1.001 
Max. resd. density [e/Å3] 2.772 0.503 0.695 
 
[a] R1 = å||Fo|  – |Fc||/å|Fo|.  [b] wR2 = [åw(Fo2  – Fc2)2/åw(Fo2)2]1/2, where w = 1/[s2(Fo2) + 
(aP)2] and P = [max(Fo2,0) + 2Fc2]/3.  [c] GOF = [åw(Fo2  – Fc2)2/å(n – p)]1/2 
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Table 22. Atomic coordinates (x 104) and 
equivalent isotropic displacement parameters (? 2 
x 103) for 25. Ueq is defined as one third of the 
trace of the orthogonalized Uij tensor. 
Table 23.   Hydrogen coordinates (x 104) 
and isotropic displacement parameters (? 2 
x 103) for 25. 
 
 
 
 
Table 24. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (? 2 x 103) for 
(26)CF3SO3. Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Atom x y Z Ueq 
Co 7260(1) 6509(1) 7156(1) 38(1) 
C(1) 7660(10) 9204(7) 8452(5) 55(2) 
C(2) 7590(7) 7841(6) 8173(4) 36(1) 
C(3) 8291(6) 6481(9) 8438(3) 43(1) 
C(4) 7348(10) 5270(6) 8331(3) 43(2) 
C(5) 5806(8) 5595(8) 8133(4) 47(2) 
C(6) 4815(8) 6506(10) 8731(4) 60(2) 
C(7) 9985(7) 6386(9) 8650(5) 54(2) 
C(8) 7823(11) 3724(7) 8327(4) 65(2) 
C(10) 7820(17) 7648(10) 5947(5) 94(5) 
C(11) 8589(8) 6328(16) 5925(5) 92(4) 
C(12) 7587(14) 5262(8) 5906(4) 67(3) 
C(13) 6198(11) 5890(11) 5912(5) 70(3) 
C(14) 6292(12) 7322(11) 5928(5) 73(3) 
Atom x y z Ueq 
H(1A) 8304 9473 8952 65  
H(1B) 7066 9897 8149 65  
H(5) 5250 4728 7819 56  
H(6A) 5372 7308 8989 90  
H(6B) 4416 5941 9257 90  
H(6C) 4009 6863 8336 90  
H(7A) 10390 5537 8344 81  
H(7B) 10143 6331 9341 81  
H(7C) 10475 7232 8397 81  
H(8A) 7152 3171 7928 97  
H(8B) 7804 3353 8980 97  
H(8C) 8818 3651 8071 97  
H(10) 8243 8568 5969 113  
H(11) 9622 6215 5924 110  
H(12) 7791 4274 5891 81  
H(13) 5304 5376 5905 84  
H(14) 5502 7977 5928 88 
Atom x y Z Ueq 
Co 5524(1) 4763(1) 2047(1) 42(1) 
N 3205(2) 3365(1) 1672(1) 36(1)  
C(1) 4766(3) 3662(1) 2248(1) 39(1)  
C(2) 4625(3) 4193(2) 2957(1) 47(1)  
C(3) 3785(4) 4910(2) 2736(2) 49(1)  
C(4) 3060(4) 5080(2) 1839(2) 54(1)  
C(5) 2422(5) 5902(2) 1527(3) 85(1)  
C(6) 3671(5) 5550(2) 3434(2) 83(1)  
C(7) 5545(4) 4029(2) 3883(2) 70(1)  
C(8) 5955(4) 2952(2) 2384(2) 60(1)  
C(10) 1882(3) 3160(1) 2009(2) 45(1)  
C(11) 474(3) 2869(2) 1470(2) 57(1)  
C(12) 439(3) 2790(2) 591(2) 63(1)  
C(13) 1810(4) 2990(2) 269(2) 62(1)  
C(14) 3191(3) 3278(2) 819(2) 48(1)  
C(20) 7790(4) 5353(2) 2466(2) 70(1)  
C(21) 8036(4) 4629(2) 2100(3) 73(1)  
C(22) 7196(6) 4620(3) 1251(3) 100(2)  
C(23) 6376(6) 5347(4) 1078(3) 112(2)  
C(24) 6741(5) 5811(2) 1851(3) 87(1)  
S 980(1) 2808(1) 4417(1) 45(1)  
F(1) -526(3) 3744(2) 5349(2) 120(1)  
F(2) 2038(4) 4001(2) 5439(2) 143(1)  
F(3) 313(5) 4334(1) 4308(2) 135(1)  
O(1) 2400(3) 2943(1) 4034(1) 65(1)  
O(2) -538(3) 2686(2) 3829(2) 97(1)  
O(3) 1304(3) 2261(2) 5127(2) 84(1)  
C(9) 674(5) 3774(2) 4907(2) 79(1) 
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Table 25.   Hydrogen coordinates (x 
104) and isotropic displacement 
parameters (? 2 x 103) for (26)CF3SO3. 
Table 26. Atomic coordinates (x 104) and equivalent 
isotropic displacement parameters (? 2 x 103) for 
(36)BF4. Ueq is defined as one third of the trace of the 
orthogonalized Uij tensor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Atom x y z Ueq 
H(4) 2982 4663 1435 65  
H(5A) 1349 5987 1669 128  
H(5B) 2333 5936 908 128  
H(5C) 3179 6307 1806 128  
H(6A) 3220 5309 3895 125  
H(6B) 2962 5982 3178 125  
H(6C) 4759 5757 3665 125  
H(7A) 6020 4522 4141 104  
H(7B) 6413 3643 3872 104  
H(7C) 4783 3818 4220 104  
H(8A) 7000 3120 2727 90  
H(8B) 6122 2758 1830 90  
H(8C) 5496 2528 2682 90  
H(10) 1915 3213 2604 54  
H(11) -449 2727 1699 69  
H(12) -512 2602 221 76  
H(13) 1809 2932 -322 74  
H(14) 4128 3415 600 57  
H(20) 8248 5513 3031 84  
H(21) 8673 4208 2381 88  
H(22) 7181 4197 860 120  
H(23) 5710 5502 553 135  
H(24) 6350 6326 1931 105 
Atom x y z Ueq 
Co 4062(2) 1206(1) 3658(1) 42(1) 
C(1) 924(12) 190(13) 4269(5) 70(3) 
C(2) 2060(11) 196(11) 3762(5) 50(2) 
C(3) 2287(11) -989(10) 3275(5) 48(2) 
C(4) 3171(10) -431(10) 2743(4) 44(2) 
C(5) 3115(10) 988(9) 2619(4) 39(2) 
C(6) 1651(10) 1465(9) 2548(4) 38(2) 
C(7) 1007(10) 1233(9) 1752(4) 37(2) 
C(8) 1962(13) -2643(11) 3367(6) 74(3) 
C(9) 4114(13) -1321(12) 2334(5) 66(3) 
C(10) 825(9) -491(9) 1394(4) 37(2) 
C(11) 1734(11) -914(11) 910(4) 48(2) 
C(12) 1592(13) -2464(12) 671(5) 59(3) 
C(13) 518(14) -3637(12) 891(6) 67(3) 
C(14) -407(14) -3246(12) 1382(6) 66(3) 
C(15) -279(11) -1670(10) 1623(5) 47(2) 
C(20) 2137(9) 2474(9) 1422(4) 35(2) 
C(21) 1805(11) 2352(10) 709(4) 42(2) 
C(22) 2731(12) 3470(11) 405(5) 53(2) 
C(23) 4005(12) 4743(12) 801(5) 53(2) 
C(24) 4321(11) 4889(10) 1519(5) 44(2) 
C(25) 3403(10) 3772(9) 1833(4) 39(2) 
C(30) -649(10) 1455(10) 1667(4) 39(2) 
C(31) -882(12) 2735(11) 2099(5) 51(2) 
C(32) -2324(14) 3067(13) 1971(7) 66(3) 
C(33) -3496(14) 2104(16) 1409(8) 77(4) 
C(34) -3278(13) 829(14) 998(6) 68(3) 
C(35) -1881(10) 509(12) 1109(5) 51(2) 
C(40) 6079(18) 1538(17) 4354(8) 100(5) 
C(41) 5159(16) 2380(2) 4655(6) 98(5) 
C(42) 5153(15) 3450(14) 4228(7) 84(4) 
C(43) 6079(14) 3142(15) 3711(6) 78(4) 
C(44) 6557(13) 1978(14) 3772(8) 81(4) 
F(1) 5411(9) 6244(9) 3300(5) 134(3) 
F(2) 7690(4) 8000(4) 3054(14) 135(8) 
F(3) 6760(2) 8430(2) 3974(13) 150(8) 
F(4) 7980(2) 6770(2) 3811(15) 118(6) 
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Table 27.   Hydrogen coordinates (x 104) 
and isotropic displacement parameters (? 2 x 
103) for (36)BF4. 
 
                                                                                                                                     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F(5) 7430(3) 7330(3) 4172(7) 127(7) 
F(6) 7420(4) 8640(2) 3279(17) 121(7) 
F(7) 7670(3) 6430(2) 3108(13) 160(7) 
B 6979(15) 7229(14) 3495(7) 60(2) 
C(51) 270(6) 4260(6) 5070(2) 100 
Cl(1) -630(3) 5590(4) 5248(18) 127(12) 
Cl(2) -700(5) 5230(5) 5527(19) 180(3) 
Cl(3) 1010(3) 4220(2) 4310(13) 135(5) 
H(41) 4654 2277 5050 118 
H(42) 4641 4192 4283 101 
H(43) 6324 3695 3366 94 
H(44) 7129 1530 3466 97 
H(51A) 1155 4491 5447 120 
H(51B) -494 3221 5040 120     
Atom x y z Ueq 
H(1A) -55 247 4047 106 
H(1B) 1405 1081 4667 106 
H(1C) 678 -763 4426 106 
H(5) 4093 1715 2576 47 
H(6A) 1931 2562 2796 46 
H(6B) 807 835 2761 46 
H(8A) 2284 -2592 3852 111 
H(8B) 2570 -3140 3076 111 
H(8C) 827 -3242 3230 111 
H(9A) 3380 -2195 1975 100 
H(9B) 4687 -1702 2649 100 
H(9C) 4875 -630 2117 100 
H(11) 2456 -145 740 57 
H(12) 2246 -2720 352 71 
H(13) 413 -4684 712 80 
H(14) -1114 -4024 1553 79 
H(15) -939 -1410 1939 57 
H(21) 944 1501 430 51 
H(22) 2491 3364 -77 64 
H(23) 4640 5490 592 64 
H(24) 5168 5756 1796 53 
H(25) 3630 3889 2316 46 
H(31) -85 3382 2477 61 
H(32) -2475 3925 2263 79 
H(33) -4433 2325 1310 92 
H(34) -4097 158 633 82 
H(35) -1752 -350 808 61 
H(40) 6333 772 4529 120 
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